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Abstract approved:
Blasticidin S (BS, 1) is a peptidyl nucleoside antibiotic produced by Streptomyces
griseochromogenes. The biosynthesis of blasticidin S was investigated using a combined
approach of whole-cell feeding and cell-free analysis.
Fermentations of S. griseochromogenes supplemented with the arginine analogue
argininic acid or the argininosuccinate synthase inhibitor 2-methylaspartic acid were
found to produce a new metabolite, 58.Demethylblasticidin S (4) was produced and
isolatedinlargequantitiesfromfermentationssupplementedwithmethionine
hydroxamate, an inhibitor of methionine adenosyltransferase.
When cytosinine and pyridoxal phosphate were incubated with cell-free extracts of
S. griseochromogenes prepared in DA),2H NMR analysis of recovered cytosinine
revealed deuterium enrichment at 1-1-4' and 11-2'. The results demonstrated the presence
of a cytosinine:pyridoxal phosphate tautomerase activity that contributes to the net
transamination at C-4' in the conversion of cytosylglucuronic acid to blasticidin 5, and its
discovery supports the role of cytosinine as a biosynthetic intermediate.
Cytosyl- 4'- ketoxylose (62). an analogue of 4'-keto CGA, was synthesized and
labeled isotopically. Adding labeled 62 to S. griseochromogenes fermentationsresulted
in labeled pentopyranine C (8), and this result supports the involvementof a 4'-keto
intermediate in the conversion of CGA to cytosinine.
Blasticidin S acetyltransferase activity was detected when BS and acetyl CoA were
incubated with cell-free extracts of S. griseochromogenes. The enzyme was alsofound to
Redacted for Privacyacetylate demethylblasticidin S to produce acetyldemethylblasticidin S, which could then
be converted to acetylblasticidin S when S-adenosyl-L-methioine (SAM) was added to
cell-free extracts.These acetylated compounds are devoid of antibiotic activity and
acetylation is proposed to be a detoxification mechanism. Additionally, cell-free extracts
of S. griseochromogene.s, along with SAM, transformed leucyldemethylblasticidin S to
leucylblasticidin S, which is then converted to I3S. Leucylblasticidin S also has very low
antibiotic activity and these results suggested that formation of leucylblasticidin S is
directly involved in the biosynthesis of BS as a self-resistance mechanism. A mechanism
of resistance towards BS was also identified in Sfreptornyce,s lividans, a non-producer of
BS. This organism produces a BS deaminase, converting BS to the inactive uracil analog.©Copyright by Qibo Zhang
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Chapter 1
Introduction
Isolation and Structure
Blasticidin S (BS, 1)isa peptidyl nucleoside antibioticfirstisolated from
Streptomyces griseochromogenes in 1958.1Since then, a number of blasticidin S
producers have been discovered including Streptomyces griseoflavus, Streptomyces albus
subsp.pathocidicus,Streptomycessp.SCC1785,2Streptomycessetonii,3and
Streptoverticillium sp. JCM 4673.4In a systematic screening for antibiotics to control
rice blast caused by the fungus Piricularia oryzae, a major rice disease in Asia. the active
compounds blasticidin A, B, and C were isolated from S. griseochromogenes in 1955.'
The structures of these compounds, however, remained unknown untila recent
preliminary report of the structure of blasticidin A. Blasticidin A was found to be closely
related to aflastatin A, a tetramic acid derivative, and not related to blasticidin S at al1.6
Since its discovery, blasticidin S has acquired commercial importance and was initially
used to control the rice blast disease on a large scale to replace mercury-based antifungal
compounds.7-9Although a number of other chemicals are now used preferentially,
including probenazole, isoprothiolane, tricyclazole and kasugamycin, blasticidin S is still
used in Japan and other parts of Asia.1°-11
6'
HO,C , 0, 2
CH3 N
I 4" ->"H H2N N,N I'
\ 4
.)-- N,---NH2
5"
NH NH-, 0 3'2' 65
Figure 1.1. Structure of blasticidin S2
The structure and absolute stereochemistry of blasticidin S were originally
elucidated from chemical degradation studiesI2-19 and were later confirmed by X-ray
diffraction analysis.2°-21Complete assignments of the IFI NMR and 13C NMR spectra
have been determined.22
Biological Activity and Mechanism of Action of BS
In addition to the antifungal activity that led to its discovery, blasticidin S also
showed antibacteria1,23antivira1,24-25antitumor,26 and anti-inflammatory2activities.
Blasticidin S also showed toxicity to mice (LD502.8 mg/kg).27
Mechanistically, BS inhibits protein biosynthesis by binding to the 50S subunit of
ribosomal RNA. Blasticidin S blocks the transfer of amino acids from aminoacyl-tRNA
to the elongating peptide and stimulates the release of the ribosome subunits causing
premature termination of peptide synthesis (Figure 1.2).28-35More recently, kinetic
studiesof blasticidin S inhibition of peptide bond formation in an Escherichia coli
ribosomal system suggested a conformational change was induced.36 DNA and RNA
syntheses are also inhibited by BS through a mechanism that is independent of, and
different from, the inhibition of protein biosynthesis.37However, more detailed
information has yet to be reported.
Amino acid AMP-amino acid tRNA-amino acid
BS
Ribosome
Protein
Figure 1.2. Action site of blasticidin S
Interestingly, the inhibitory action of blasticidin S against the test organism Bacillus
cereus could be relievedbythe `detoxin complex' isolated fromStreptomyces
caespitosus.38 The major component, detoxin Dl (Figure 1.3), has been purified and the
structure of it394° and several minor detoxins4I-42 have been elucidated. Detoxin D1 has
been shown to antagonize the active transport of BS into the cells.433
Figure 1.3. Structure of detoxin D1
Biological Transformations of BS and Applications in Molecular Biology
Several BS-resistant microorganisms were found to produce BS deaminase, an
enzyme which catalyzes the hydrolytic deamination of the cytosine moiety in BS to give
the uracil analog, 4-deamino-4-hydroxyblasticidin S (2) which exhibits I% of the
original antibiotic activity against P. orvzae.44 The deaminases have been purified from
Aspergillus terreus4547 and Bacillus cereus.48 Two BS deaminase genes, bsr49 and bsd,5°
have been cloned and sequenced. Intriguingly, there is no sequence homology between
these two genes. The bsr gene from B. cereus K55-S1 was located on a native plasmid.5I-
52 The bsd and bsr genes have recently been used as selectable markers for molecular
biology studies.53-56The successful application of BS-bsd transformation systems in
eukaryotes has recently been reviewed.57
HO2C
' H
0,
CH, 0 N
1H2NyNN11---- )-N\,---OH
NH NH, 0
2
Figure 1.4. Structure of 4-deamino-4-hydroxyblasticidin S
Another mechanism to deactivate BS is acetylation. An acetyltransferase has been
isolated and characterized from a BS producing organism, Streptoverticillium sp. JCM
4673.58-59A resistance gene, bls, encoding this enzyme has also been cloned and4
expressed in S.lividans 1326.60However, the precise site of acetylation was not
identified.
Related Nucleoside Antibiotics
In the 1970s, Seto et al. isolated and characterized a number of new metabolites
from discarded material of 500 liter fermentations of S. griseochromogenes generated
during commercial production of 1 (Figure 1.5).These included blasticidin H(3)61
demethylblasticidin S (DBS, 4)62 pentopyranic acid (cytosylglucuronic acid, CGA, 5)63
and decarboxylated nucleoside pentopyranines A-F (PPNA-PPNF, 6-11).64-66
HO,C O
O N CH;
)NH, H,N N \
NH NH, 0 oH NH NH, 0
Blasticidin H, 3
HO,C
HOI'.-N)---NY12
HO b1-1
CGA. 5
10: RI=H, R,=OH
11: RIOH, R,=H
Pentopyranines E. F
OH
Pentopyranone, 15
6: R1=1-1, 122 OH
7: RI=OH, R,=H
Pentopyranines A, B
DBS, 4
0,
)NH,
OH
8: RI=H. R,=OH
9: RI=OH, R,=H
Pentopyranines C, D
HO,C 0,
CH3 >\--N
H2N -N,NH2
1 II NH N,.,NH 0
LBS, 12
HO,C 0,
CH3
N\
0
NH Isoblasticidin S. 16
Figure 1.5. Metabolites from S. griseochromogenes structurally related to BS5
Leucylblasticidin S (LBS, 12) was isolated from a chemically defined medium with
the pH maintained below 4.0 (Figure 1.5).67 By supplementing 5-fluorocytosine (13) to
the fermentation of S. griseochromogenes, the accumulation of 5-fluoroblasticidin S (14)
was reported (Figure 1.6).68
0 HO,C 0\
' N
HN NHS N
F
13
NH NH, 0
14
Figure 1.6. Production of 5-fluoroblasticidin S
During previous biosynthetic studies in the Gould group, employing the in vivo use
of enzyme inhibitors, pentopyranone (15) and isoblasticidin S (iso-BS, 16) (Figure 1.5) as
well as inhibitor adducts of known compounds were isolated and characterized.69-79 Iso-
BS has been previously reported by Endo et al.48 to be a chemical isomerization product
of BS
A number of structurallyrelated peptidyl nucleoside antibiotics have been
discovered from various Actinomycetes as well as Bacillus spp.These include 5-
hydroxy-methylblasticidin S (17)3 Sch 36605 (18)71 arginomycin,72 mildiomycins'73-75
bagougeramine A and B,76-77 gougerotin,78 and aspiculamycin (Figure 1.7).79 Although
they are produced by different species or genera of bacteria, the clear structural similarity
suggests that they are biogenetically related.HO ,C
CH3H2NyNNIt.
NH NH, 0
N
5-hydroxymethylblasticidin S. 17
HO,C
CH3
NH 0NH 0
H3C
Sch 36605, 18
N
CH3
NH, H,N N
OH NH
N112
OH
Bagougeramine A: R=H
Bagougeramine B: R=(CH2)3NH(CH2)4NH,
6
CH3 0
Arginomycin
NH R,
H,N N ,10H0
HO 0, N
HO N?*N\ NH,
NH,H
CO,H
H,N
Mildiomycin: R,=OH
Mildiomycin C: RI=H, R, =OH
Mildiomycin D: R, =H
Gougerotin
HN 0
-CH- HO H2N 0
N` yi,AN )NH, \_
0
SOH0HO SOH
Aspiculamycin
Figure 1.7. Peptidyl nucleoside antibiotics structurally related to BS
Synthetic Efforts to BS
No total synthesis of blasticidin S has been reported. However, the synthesis of the
closely related gougerotin has been achieved.80The synthetic efforts focused on the
preparation of cytosinine (19) and eventually led to its total synthesis by Kondo et al.
(Figure 1.8).81
-82TMSO
N)% Ac0
OTMS
AcO
SbC15
1. NaOMe /MeOH
2. BzCl/Pyr.
3. MsCl/Pyr.
4. LiN3
HO2C 0 HO,C 0\ NE13/Me0H S 1. P2S5/Pyr.
H,N1'')--"N)NH2100 °CH3\ 2. NaOH
Cytosinine,19
Figure 1.8. Synthesis of cytosinine
Bz0 0
--NH
1\13,R N
1. CrCI,
2. Ac,O/Pyr.
3. Na0Me/Me0H
4. Cr03
5. CH,N2
Me02C 0
AcHNI,.
7
In the 1970's, Fox etal.reported the synthesis of pentopyranine C (8),83
pentopyranine A (6),84 and pentopyranamine D,66 the nucleoside moiety of blasticidin H
(3). There has been no further reported research in this area.
Previous Biosynthetic Studies on BS
In 1968, Seto and coworkers85-86 reported the first biosynthetic study on BS (1).
Possible precursorslabeledwith14C were fedtofermentationculturesof S.
griseochromogenes, and the resulting BS samples were analyzed for radioactivity. The
percent incorporation obtained from the feeding is summarized in Table 1.1.The
labeling patterns were established by classical chemical degradation as shown in Figure
1.9.8
Table 1.1. Percent Incorporation of Precursors
Precursor % Incorporation
D-[U-I4C]Glucose 3.7
D-[1-14C]Glucose 4.0
D-[6-14C]Glucose 4.9
[2- '4C]Cytosine 95.1
[U-14C]Cytidine 15.3
L-[Me-14C]Methionine 38.3
L-[guanidino-14C]Arginine 51.2
L-[U-14C]Arginine 30.3
L-[U-I4C]Aspartic acid* 0.6
[1- I4C]Alanine 0.5
[U-I4C]Alanine 0.5
[U-14C]Acetic acid 0.5
[U-I4C]Glycine 0.1
CH3
H2NN OH
NH NH, 0
Blastidic acid, 20
*Unlabeled cytosine was added simultaneously
HO,C 0
CH3
H Y-N
H2N N Ni" . N)NH, \ _
NH NH, 0
1
OH-
NH-,
0
CH3
4- Amino -?V- methyl
2-piperidone
CO, ',NH; CH3I
1
19
HT
NH3
1
CO2
CO,H
Levulinic acid
HN\
cytosine, 21
Figure 1.9. Degradation of blasticidin S from feeding experiments9
From their remarkably high incorporations, Seto et al. concluded that the primary
precursors of BS are cytosine (21), D-glucose (22), L-a-arginine (23), and L-methionine
(24) (Figure 1.10).
N
HN NH2
21
HO
O
HOB OH
HOOH
22
NH
H7N OH
H
NH2
H3C,s
23
24
OH
Figure 1.10. Primary precursors to blasticidin S
Our laboratory has made tremendous contributions to explore the subsequent
biosynthetic transformations leading to 1.[2-15N, 3-13C]Arginine (23a)was synthesized
and fed with [1-14C]arginine to fermentations of S. griseochromogenes. The resulting BS
(la) incorporated 30% of the 14C fed and contained both stable isotopes (Figure 1.11). A
heteronuclear spin coupling was observed for C-3" in the 13C NMR spectrum of la. This
indicates that 3- arginine (25) is derived from an intramolecular amino migration of a-
arginine.87 This result is consistent with studies on the formation of P-lysine.88
*NH2
H,NN OH
NH 0
23a=13c* =15N
HO,C
CH3
H2NN I
NH *NH, 0
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Figure 1.11. Incorporation of [2-15N, 3-13C]arginine into BS10
A variety of deuterated arginines were synthesized to investigate the fate of the
hydrogens at C-2 and C-3. The isotopic labeling patterns in the resulting BS samples
showed unambiguously that an intramolecular exchange of the a-amino group with the 13-
pro-3R hydrogen had taken place with inversion of configuration (Figure 1.12).87
NH,
HZNyN OH
NH 150
H
NH
CH3 H D
H,NN NI
NHH,N D 0
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CH3 H D
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Figure 1.12. Incorporation of specifically deuterated arginines into BS
Our group hasalsosynthesizedisotopicallylabeled13-arginineand 6-N-
methylarginine.The feeding experiments revealed high incorporation of I3-arginine,
whereas 6-N-methyl-arginine was not incorporated at a detectable level.87The results
suggested that the methylation should occur at a later stage of the pathway. Later, the
methylation was concluded to be the last step in the whole pathway based on the
demonstrated conversion of demethylblasticidin S (4) to lb by a cell-free extract (CFE)
of S. griseochromogenes in the presence of radiolabeled S-adenosyl-L-methionine (SAM)
(Figure 1.1 3).89H,
HO,C 0 HO,C
H H ---N [14CH3]SAM °CH,
N-'Yr NI"
N)NH2 \ _
CFE
H2N N l'.L
, H 0
NH, 0 NH NH, 0
4 lb --14C
NH
Figure 1.13. Enzymatic methylation of demethylblasticidin S
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The first effort to elucidate the biosynthetic mechanism of the hexuronic acid
moiety began with the feeding of deuterated glucose.[1- 2H] -D- Glucose labeled at H-1',
whereas [2,3,4,6,6-2H5]-D-glucose (22a) yielded BS with deuterium at H-2' and H-3', as
well as other positions on the blastidic acid portion of lb (Figure 1.14). The loss of the
C-4 hydrogen was believed to be due to the introduction of the nitrogen.90
D OH
22a
OH
I b
Figure 1.14. Incorporation of deuterated glucose to blasticidin S
)NH2
The in vivo utilization of enzyme inhibitors, in conjunction with feeding large
quantities of primary precursors in order to overload the pathway, has proved to be an
efficient approach to study the biosynthesis of 1.7°Feeding aminooxyacetic acid
(AOAA), an inhibitor of pyridoxal phosphate/pyridoxamine phosphate (PLP/PMP)-
dependent transaminases, yielded CGA in large quantities. The feeding of L-ethionine, a
methyltransferase inhibitor, led to a two-fold accumulation of DBS. In addition to the
accumulation of CGA, fermentations containing arginine hydroxamate. an inhibitor of
arginine biosynthesis, yielded other cytosinyl metabolites, including PPNC (8) and
pentopyranone (15).69 PPNC and 15 are proposed shunt metabolites due to the lack of the
carboxyl group. In the presence of NADH, a CFE of S. griseochromogenes reduced 15 to
PPNC. Thus, 15 is the immediate precursor to PPNC.9112
CGA has been recognized by Seto and coworkers as a possible biosynthetic
intermediate to 1.63 Gould's group proved that it was the first committed intermediate for
the nucleoside portion of blasticidin S biosynthesis.92 CGA was synthesized from UDP-
glucuronic acid (26) and cytosine by the enzyme CGA synthase (Figure 1.15), which has
been purified and characterized. CGA synthase is a single monomeric peptide of Mr
43,000. The Km is 6.0 1.1M for UDP-glucuronic acid and 243 1.4M for cytosine. CGA
synthase is a soluble enzyme and does not require organic cofactors or added metal ions
for activity.Neither UDP-glucose, UDP-galactose, nor UDP-galacturonic acid could
substitute for UDP-glucuronic acid as a substrate for the enzyme. CGA synthase is the
first glucuronosyltransferase detected in a prokaryotic organism.93
HO,C
H01".) IOUDP+ HN ) NH,
HO OH
26 21 5
Figure 1.15. Formation of CGA from cytosine and UDP-glucuronic acid
CGA was verified as an early biosynthetic intermediate to BS by the enzymatic
preparation of [5-3H-1',2'.3',4',5',6'-I4C]CGA (5a) from [5-3H]cytosine and UDP[U-14q-
D-glucuronic acid, which was then fed to S. griseochromogenes. The resulting BS was
labeled with both isotopes (Figure 1.16).92 In contrast, no incorporation of cytosylglucose
could be detected in BS using S. griseochromogenes."
HO2CS 0 HO,C.
0 N cH3
HO"' N NH2 H2N N
HO -'0H NH NH,
5a=14C lc
Figure 1.16. Incorporation of [5-3H-1',2',3',4',5',6'-'4C]CGA into BS
NH213
The introduction of the 4'-amino group was believed to occur via a PMP-dependent
transamination.The loss of the H-4' in glucose, and inhibitor studies, supported the
involvement of a transaminase, rather than a glutamine-dependent amidotransferase.
While the transaminase inhibitor AOAA caused a decrease in the amount of 1 and an
increase in CGA, neither 6-diazo-5-oxo-L-norleucine nor azaserine, known inhibitors of
amidotransferases, had a significant effect on the levels of 5, 8, or 1.70 The use of in vivo-
generated NAD2H gave no enrichment at either C-4' or C-3',94 which is also inconsistent
with the involvement of glutamine-dependent amidotransferases.Proposed pathways
leading to cytosinine. PPNC and pentopyranamine D are summarized in Figure 1.17.
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Figure 1.17. Proposed conversions of CGA
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UDP-glucose 4'-epimerase and 6'-oxidoreductase were identified as probable
enzymes that carry out the conversion of 36 to 26 as shown in Figure 1.15.Although
neither UDP-glucose, 35. nor UDP-galactose, 36, could serve as the donor, CGA was
synthesized when cytosine and either of these nucleosides were incubated with a CFE of
S. griseochromogenes in the presence of NAD', a cofactor required for both enzymes
(Figure 1.18).95 Labeled galactose has been found to have an 8-fold greater incorporation
into BS than labeled glucose.92 This was explained by the limited role galactose played
in general metabolism.
HO
Epimerase
HO
HO -'0H
36
HO
HO -'1OUDP
HO -'0H
35
Oxidoreductase
HOi IOUDP
Figure 1.18.Epimerization of UDP-galactose to UDP-glucose and oxidation of UDP-
glucose to UDP-glucuronic acid
Objectives and Significance of the Present Studies
From the information mentioned above, our understanding of the biosynthetic
pathway of blasticidin S in 1993 could be summarized as shown in Figure 1.19.
However, no results had been obtained verifying the intermediacy of cytosinine (19) in
the biosynthesis of BS.
Cytosinine was isolated as a hydrolytic product of blasticidin S and has never been
identified in the fermentation media of S. griseochromogenes. In 1968, Yonehara et al.96
reported the construction of BS from its component compounds cytosinine and blastidic
acid by S. griseochromogenes.However, this was later found to be an artifact.95
Radiolabeled cytosinine synthesized in our group failed to be incorporated into BS by S.
griseochromogenes.7°Although this negative result could be explained by lack of
membrane permeability to the putative advanced intermediate, positive results were
needed to demonstrate its intermediacy, and this became one of the goals of this thesis.15
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Figure 1.19. Proposed biosynthetic pathway to blasticidin S (1) in 1993
Cytosinine has been proposed94 to be formed from CGA as shown in Figure 1.17.
No intermediates have been found and no enzymes have ever been identified that are
involved in the process. A similar biochemical process has been demonstrated for the C-
3' deoxygenation in the biosynthesis of 3',6'-dideoxycarbohydrates, e.g. ascarylose,
although without transamination occurring (Figure 1.20).97
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Figure 1.20. Mechanism of formation of CDP-ascarylose from CDP-glucose16
Althoughanumber of cytosineglycosideshave beenisolatedfromS.
griseochromogenes, none of them possesses a 4'-amino group.Elucidation of the
proposed dual roles of vitamin B6 in sugar modification was expected to be very
interesting.
Another objective was toinvestigatetheself-resistance mechanism of S.
griseochromogenes towards BS. Although acetylation of BS has been shown to occur in
another BS producer, its role in the biosynthesis of BS remains unknown and the precise
acetylation site was not determined. Because leucylblasticidin S can be converted to BS
by washed cells of S. griseochromogenes,67 it may represent another self-resistance
mechanism and was worth further study. No evidence of self-resistance via modification
with a leucyl group had been reported in the literature.
The following chapters will describe these efforts and results.
Chapter 2 will describe the mechanistic study of C-6'-decarboxylation in the
formation of PPNC using specifically deuterated glucose.
Chapter 3 will present the strategy and results of in vivo inhibitor studies.
Accumulated metabolites were identified, and intriguing ones were isolated.The
identification of a new BS related metabolite from such a systematically studied organism
demonstrated the efficiency of this approach.
Chapter 4 will describe the first evidence that cytosinine is an intermediate in the
BS biosynthetic pathway and detail the identification of a new enzyme.
Chapter 5 will describe the synthetic efforts in preparing 4'-keto CGA derivatives
in order to elucidate the biochemical transformations from CGA to cytosinine.One
analogue was synthesized and labeled with deuterium and preliminary feeding results are
reported.
Chapter 6 will focus on self-resistance mechanism studies. Acylation with acetate
and leucine are compared and their possible roles in the biosynthesis of BS is discussed.
Chapter 7 will discuss a surprising discovery of a BS resistance mechanism in
Streptomyces lividans.17
Chapter 8 will summarize the approaches and the results of the present study and
the prospects of future work.18
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Stereochemiitry of the C-6' Decarboxylation
Introduction
24
Pentopyranine C (PPNC, 8) was a minor metabolite of S. griseochromogenes first
isolated in 1973 by Seto.'Recently our group found that a large amount of PPNC was
produced, along with CGA (5) and pentopyranone (15), when arginine hydroxamate and
cytosine were included in the fermentation.2 The accumulation of 8 and 15 provided the
opportunity to study the stereochemistry of the C-3' deoxygenation, which is believed to
occur in the biosynthesis of blasticidin S (1).[3-2H]Glucose (22b) feedings using S.
griseochromogenes yielded deuterium incorporation into PPNC and pentopyranone
(Figure 2.1).Analysis of the isolated PPNC by 2H NMR revealed an 85:15 mixture of
axial (8a) and equatorial (8b) labeled molecules, and the ratio of axial to equatorial 2H in
pentopyranone sample was a 54:46 mixture of 15a :15 b.3
HO
OH
HO r-tH
22b 15a: 1,21=-H, R-,=D; 54%
15b: R2=H; 46%
8a: RI=H, 12,=D; 85%
8b: R,=H; 15%
Figure 2.1. Stereochemistry of C-3' deoxygenation
The mixtures presumably result from the facile chemical epimerization at the stage
of pentopyranone, which has been shown to be a immediate precursor to 8.4 A sample of
15 rapidly underwent complete exchange and epimerization at C-3' within 45 minutes in
D20 at pD 9.5 and room temperature.' The stereochemistry of deoxygenation at C-3' can
be concluded to occur with retention of configuration.The mechanism for C-3'
deoxygenation in the biosynthesis of PPNC is proposed as shown in Figure 2.2.3 This is25
consistent with the CDP-4-keto-6-deoxy-D-glucose-3-dehydrase catalyzedreaction,
which is PMP-dependent enzyme.°
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Figure 2.2. Proposed mechanism for C-3' deoxygenation in PPNC biosynthesis
Elucidating the mechanism of C-6' decarboxylation leading to PPNC was the first
objective.Enzymatic decarboxylation usually occurs stereospecifically.However, 13-
ketoacids (see Figure 2.2) may undergoa facile thermal decarboxylation, a non-
stereospecifically process.Determining whether an enzyme isinvolved in the
decarboxylation process was expected to help understand the biosynthesis of PPNC, and
provide mechanistic information for the biosynthesis of blasticidin S.A feeding
experiment with [5-2H] glucose would reveal the fate of the H-5 during the carboxylation.26
Results and Discussion
Synthesis of 15,6,6 (22c)
[5-21-I]Glucose is not commercially available and because of the low yield in
synthesizing [5-21-I]glucose,7 [5,6,6-2F13]glucose (22c) was prepared instead (Figure 2.3).
Deuterium-labeled 22c is equivalent to [5- 2H]glucose because deuterium on C-6 will be
lost to the medium. Commercially available D-glucurono-6,3-lactone (37) was protected
by formation of acetonide 38.8 Swern oxidation of 38 yielded the hydrated form of a-
keto-lactone 39.9 Reduction of 39 with sodium borodeuteride introduced deuterium at
positions 5 and 6 in 40.7 The isotope enrichments were greater than 95% as determined
from the IH NMR spectrum. Removal of the acetonide gave the desired compound 22c
in good yield.
37
Acetone
OH
H,SO4
HOD2C
HO," OH
75%
HO 'OH
22c
O
38
0.1N H,SO4
(C0)2C12
DMSO. Et3N
CH2C1,
67%
80%
39
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Feedingi Glucose
The deuterated glucose 22c (1.0 g) was added to a complex medium fermentation (1
L) of S. griseochromogenes in two pulses according to the established protocol.3 In order27
to promote the production of CGA and PPNC, large quantities of cytosine and arginine
hydroxamate were co-administered. CGA (5b) and PPNC (8c-d) were purified by ion
exchange and C18 chromatography. Analysis of the 2H NMR spectra showed enrichments
of 1.84% for 5b and 1.07% for 8c-d. respectively. The two signals of the equatorial and
axial deuterium of 8c-d were not resolved enough (0.1 ppm in 1H NMR) to determine the
chirality at C-5', however. The use of a shift reagent Eu(Thd)3 in methanol-d4 did not
resolve the signal any better, probably due to the polarity of the solvent.Shift reagents
usually give best results when used in nonpolar solvents, in which PPNC is insoluble.
In order to further resolve the diastereotopic proton signals, triacetyl PPNC 41a-b
was prepared from 8c-d.The structure was confirmed by one- and two-dimensional
NMR spectroscopy as well as high-resolution mass spectrometry.The chemical shift
difference between the equatorial and axial proton on C-5' of 41 was 0.3 ppm in
chloroform-d, 0.7 ppm in benzene-d6, and 0.4 ppm in a mixture (1:1) of benzene-d6 and
chloroform-d.Addition of the shift reagent Eu(Thd)3 did not give better resolution.
Because the solubility of 41 in benzene is too low to obtain an adequate 2H NMR
spectrum, the 2H NMR spectrum was acquired both in chloroform and in a 1:1 mixture of
benzene and chloroform (Figure 2.4, a portion of 'H NMR was included for comparison).
The resulting spectra revealed roughly an equal amount of deuterium enrichment for the
axial (41a) and equatorial (41b) labeled species (Figure 2.5).
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Figure 2.5. [5,6,6- 2H3]Glucose feeding results
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If the decarboxylation takes place enzymatically, the enolate intermediate formed
after decarboxylation should pick up a proton from only one face of the double bond and
either the axial or equatorial C-5' proton should be labeled, but not both. Unfortunately,n/r--rN
C DCI3
H-1' H-4'
H-2' 11
A. 2H NMR of 41a-1)
B. a portion of IH NMR of triacetyl PPNC
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Figure 2.4. 2H NMR of triacetyl PPNC in C6H6/CFIC13
2.0 :0 0 029
the stereochemistry of the decarboxylation could not be concluded from these ambiguous
results. The results can be explained if decarboxylation occurs non-enzymatically, by a
nonstereospecific enzymatic process, or by a stereospecific enzymatic reaction and the
epimerization occurs later in the pathway. Epimerization does not seem to be the reason
because pentopyranone has been shown to undergo slow exchange at C-5'.5Possible
decarboxylation mechanisms are outlined in Figure 2.6. The decarboxylation could occur
before or after dehydration, and could also proceed with the help of pyridoxamine
phosphate.
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Figure 2.6. Possible decarboxylation mechanisms
R=H, OH
In addition to C-5', other positions on the sugar portion of PPNC isolated from the
feeding studies with 22c were also enriched with low levels of deuterium. These labeling
patterns probably resulted from the metabolism of glucose. To reduce this interference,
[5-2I-I]glucose would be a better choice for these studies instead of [5,6,6-2H3]glucose.
Because galactose was reported to be incorporated into blasticidin S eight times better
than glucose, an alternate choice to perform this experiment could be feeding [5-
2H]galactose. Better enrichment should be expected, and a more important aspect is that
less labeling would be expected at other positions because galactose plays fewer roles in
primary metabolism.30
Summary
[5,6,6-2H3]Glucosewassynthesizedandfedtoculturesof Streptomyces
griseochromogenes. The resulting pentopyranine C was purified and a derivative was
made in order to resolve the diastereotopic protons at C-5' in the 2H NMR spectrum. The
deuterium labeling pattern was conclusive but could be explained in several ways.
Whether the decarboxylation occurs enzymatically needs to be further studied.31
Experimental
General
Streptomyces griseochromogenes ATCC 21024 used in the present studies was the
same BS producer that has been used in the Gould group by a number of previous
researchers and stored in liquid nitrogen.' ° Soybean flour was purchase from Fred Meyer
Stores Inc., Corvallis, and dried brewers yeast was purchased from the First Alternative
Co-op Store, Corvallis.Bacto agar and yeast extract were purchased from Difco
Laboratories (Detroit, MI). Beef extract and polypeptone were purchased from Baltimore
Biological laboratories (Cockeysville, MD). Wheat embryo was generously provided by
Kaken Chemical Company (Japan) and malt extract was purchased from Sigma Chemical
Company (St. Louis, MO).
Baffled fermentation flasks were purchased from Bel leo Glass Inc., (Vineland, NJ).
Sterilization of the culture media was performed in an AMSCO general purpose steam
powered sterilizer operating at 121 °C.Fermentations were carried out in a Lab-Line
model 3595 gyrotatory incubator shaker at 29 °C and 250 rpm. Incubations for bioassays
and slant preparations were done in VWR model 1520 incubators.All sterile transfers
were done in an Edge GARD' hood manufactured by The Baker Company, Inc.
(Sanford, ME). Centrifugations were carried out on an IEC model B-20A centrifuge and
cell disruptions were accomplished using a Heat System-Ultrasonics Inc., model W-225R
cell disrupter (Farmingdale, NY). Ion exchange resins were purchased from either Bio-
Rad Laboratories (Richmond, CA) or Sigma Chemical Company and were converted to
the necessary ionic form according to the manufacturer's recommendations.All other
chemicals were purchased either from Aldrich or Sigma Chemical Company.
All fermentation medium and HPLC chromatography solvents were prepared with
double-deionized water (Milli-Q, Millipore). NMR spectra were recorded on either a
Bruker AM 400 or a Bruker AC 300 spectrometer. t-Butanol was added as an internal
chemical shift reference (6 1.27 and 31.2 ppm for IH and I3C, respectively) when spectra
were recorded in D20. Mass spectra were obtained on a Kratos MS 50 TC spectrometer.
Infrared spectra was recorded on a Nicolet 5DXB FT-IR spectrophotometer. HPLC was32
performed on a Waters 600E system connected to a Waters model 990+ photodiode array
detector.
2H NMR Conditions
Deuterium NMR samples were prepared in 500 1.1L, deuterium depleted water
obtained from Aldrich (2H content is 1% of natural abundance) with 25 uL t-BuOH (0.46
!mole 2H in the methyl groups) as an internal reference for chemical shift and
quantification. For those recorded in organic solvents, the solvent peaks were used for
reference and quantification. The 2H NMR spectra were recorded at 61.4 MHz on the
Bruker AM 400 spectrometer and were proton decoupled and run unlocked under the
following conditions: acquisition time,1.43 second, 90° pulse angle, 3 Hz line
broadening.
HPLC Analysis
General conditions for analytical HPLC analysis were: C18 (RadialPak® column, 0.8
x 10 cm, Waters Assoc.), mobile phase: 95% H2O, 5% CH3CN, 0.15% TFA, flow rate:
1.0 mL/min. The UV region from 200 to 300 nm was scanned with the photodiode array
detector.
Maintenance of S. Zriseochromozenes
S. griseochromogenes was maintained on yeast-malt extract agar slants at 4 °C.
Because the production of BS was found to decrease as the slant aged and shrunk, new
slants were prepared periodically using the S. griseochromogenes spores stored on agar
plugs in liquid nitrogen (-196 °C). In general, one agar plug was transferred into 50 mL
of YME medium (consisting of 0.4% yeast extract, 1.0% malt extract and 0.4% glucose
in Milli-Q H2O, pH was adjusted to 7.3 with 1 M KOH) and this was incubated in a
shaker at 29 °C and 250 rpm for 48 h. A portion of the resulting growth (0.1 mL) was
used to inoculate each YME agar slant (15 mL, consisting of 0.4% yeast extract, 1.0%
malt extract, 0.4% glucose and 2% Bacto agar in Milli-Q H2O, pH was adjusted to 7.3
with 1 M KOH) which were then incubated at 29 °C. After 7 days, the slants showed33
dense growth of spores and were stored at 4 °C.Although these slants could be
maintained for up to two years, new slants were usually prepared every 6 months.
Seed and Production Medium
Seed medium was composed of 2.0% glucose, 1.0% beef extract, 1.0% polypeptone
and 0.2% sodium chloride, and the pH was adjusted to 7.5 with 1 M NaOH. A seed
medium of 50 mL was inoculated with a loopful of S. griseochromogenes spores from a
healthy slant using a sterile inoculating loop, and was incubated for 48 h at 29 °C and 250
rpm in a rotary shaker.
Production broth was prepared by inoculating with 2.0% (v/v) of the above seed
culture to a complex medium," which contained 5.0% sucrose, 1.0% soybean flour, 2.5%
wheat embryo, 2.5% dried brewers yeast and 0.6% NaCl. The pH of the production broth
was adjusted to 7.0 with 1 M NaOH. The production broth was incubated under identical
conditions as was used for the seed culture. The medium to flask size ratio was 1:5. The
production was cultured in baffled flasks.
ntleAsofL5,6AL-2H3 Glucose
1,2-acetonide-a-D-glucurono-6,3-lactone (38)
Concentrated sulfuric acid (4 mL) was added dropwise to a stirred suspension of D-
glucurono-6, 3-lactone (37) (5.0 g) in acetone (125 mL) at room temperature.The
reaction mixture was stirred for an additional four hours and then neutralized with
NaHCO3 and filtered.After removal of the solvent under vacuum, the residue was
dissolved in EtOAc (100 mL), washed with brine (2 x 20 mL) and dried over Na2SO4.
Removal of the solvent and recrystallization of the residue using toluene provided 4.6 g
of the acetonide 38, yield 75%. 'H NMR (300 MHz, CDC13) 6 5.99 (d, J = 3.5 Hz, 1H),
4.94 (dd, J = 4.3, 2.9 Hz, 1H). 4.82 (m, 2H), 4.51 (dd, J = 9.3, 4.4 Hz, 1H), 2.94 (d, J =
9.3 Hz, 1H, exch.), 1.52 (s, 3H). 1.35 (s, 3H).13C NMR (75 MHz. CDC13) 6 173.7,
113.6, 106.6, 82.9, 81.2, 78.0. 70.6, 26.9, 26.5.34
1,2-acetonide-5-keto-a-D-glucurono-6,3-lactone (39)
To a cold (-78 °C) solution of DMSO (10.7 g, 0.14 mole) in CH2Cl2 (200 mL) was
added dropwise a solution of oxalyl chloride (8.0 mL, 0.09 mole) in CH2C12 (50 mL) at
such a rate as to keep the reaction temperature below -60 °C (35 min). After stirring the
mixture for another 30 min below -70 °C, 10.0 g (0.046 mole) of 1,2-acetonide-a-D-
glucurono-6,3-lactone (38) in CH7C12 (75 mL) was added dropwise to keep the
temperature below -60 °C (15 minutes).After an additional 3 hours of stirring at low
temperature, Et3N (18.0 mL. 0.13 mole) was added dropwise, maintaining the reaction
temperature below -60 °C (10 minutes). Water (2 mL) was added 15 minutes later and
the reaction mixture allowed to warm to room temperature. EtOAc (350 mL) was added
and the resulting suspension was poured onto a column of flash silica gel (300 mL).
Eluting the column with EtOAc yielded 7.2 g of product (67%).11-1 NMR (300 MHz,
acetone-d6) 6 6.44 (s, 1H. exch.), 6.13 (s, 1H, exch.), 5.96 (d. J = 3.6 Hz, 1H), 4.86 (d, J =
3.0 Hz, 1H), 4.83 (d, J = 3.6 Hz, 1H), 4.52 (d, J = 2.9 Hz, 1H), 1.45 (s, 3H), 1.31 (s, 3H).
13C NMR (300 MHz, acetone-d6) 6 173.1, 113.8. 108.1. 94.9, 83.6, 83.4, 83.3, 27.6, 27.1.
1,2-acetonide-a-D45,6,6-2H3Jglucofuranose (40)
To a solution of NaBD4 (75 mg) in water (1 mL) was added an aqueous solution (2
mL) of the ketolactone 39 (150 mg). The solution was stored at 4 °C for 12 hours and
then passed through a column of Amberlite IR 120-P (H+ form, 1.0 x 2.5 cm). The
effluent and water washings containing the product were combined (50 mL) and
evaporated to dryness under vacuum.The residue was dissolved in methanol and
evaporated, repeating this process four more times. The residue was crystallized twice
from EtOAc to yield 87 mg (57%) of pure product.11-1 NMR (300 MHz, D20) 8 6.04 (d,
J = 3.7 Hz, 1H), 4.73 (d, J = 3.7 Hz. 1H), 4.34 (d, J = 2.5 Hz, 1H), 4.12 (d, J = 2.4 Hz,
1H), 1.54 (s, 3H), 1.38 (s, 3H).13C NMR (300 MHz, D20) 6 114.2, 106.2, 85.9, 81.2,
75.0, 69. 4 (triplet), 64.2 (quintet), 27.0, 26.6. A sample with natural abundance was also
prepared from NaBH4, and the spectra were compared.35
[5,6,6-2H3J-D-glucose (22c)
1,2-acetonide-a-D[5,6,6-2H3]glucofuranose (2.5 g)was dissolved in 0.1 N H2SO4
and refluxed for 3.5 hours. After cooling to room temperature, the reaction mixture was
neutralized to pH 7.0 with BaCO3 and filtered. The filtrate was evaporated to dryness,
and the residue was crystallized from EtOH to yield 1.63 g (80%) of pure product. The
11-1 NMR and 13C NMR spectra were measured and compared to those ofa glucose
standard.
Feeding Protocol
To examine the production of CGA and PPNC with added glucose and arginine
hydroxamate, a test fermentation was done with unlabeled glucose. Approximately 80
mg of PPNC and 13 mg of CGA were isolated from a 1 L fermentation.
To five flasks containing 200 mL of complex medium fermentation were added
cytosine (1 g/L) and arginine hydroxamate (2 g/L) at 52 hours after inoculation. Two
hours later, [5,6,6-2H3]glucose (700 mg) was added.A second pulse feeding was
performed for cytosine (300 mg/L) and arginine hydroxamate (200 mg/L) at 66 hours, and
for [5,6,6-2H3] glucose (300 mg) at 68 hours.Cytosine was added from a sterile 3%
solution. Glucose and arginine hydroxamate were dissolved in a small volume of water
and added through Gelman membrane filters (product No. 4192, pore size 0.2 pm).
Purification of PPNC (8c-d)
The fermentation broth (1 L) was centrifuged at 10,000 x g for 10 min to remove
solids. The pellets were washed with a minimum amount of water, re-centrifuged and the
washings combined with the original supernatants. A sample (0.5 mL) was saved for
production analysis by analytical HPLC. The remainder was cooled to 4 °C, carefully
adjusted to pH-2.5 using 6 N HCl and allowed to stand for 20 min. After removal of
precipitated colloidal materials by centrifugation at 4 °C. the supernatant was neutralized
to pH 6.0 using 1 N NaOH and loaded onto a cation exchange column (Dowex 50-X4,
Fr, 100-200 mesh, 3.5 x 50 cm) at a flow rate of 6.0 mL/min. The column was washed
with water until the effluent was neutral and then with 5% aqueous pyridine. Fractions36
containing CGA and PPNC were collected (250 mL) as monitored by TLC. This pyridine
eluate was loaded onto an Amber lite IRA-410 anion exchange column (16-50 mesh, OH-,
60 x 3.5 cm), and the effluent and water washings containing PPNC were lyophilized.
Methanol was added to the residue, filtered to remove the insoluble components, then the
methanol was removed in vacuo. Pure PPNC was obtained by using a bulk C18 column
(3 x 13 cm, prepared in acetonitrile) with a solvent system of CH3CN:0.5 M NH4OH =
9:1.Fractions containing PPNC were collected and the solvent removed to afford 80
mg of pure PPNC.
Purification of CGA (5b)
The anion exchange column from the previous step was further washed with about 3
liters of 1 M HOAc. Fractions were analyzed by HPLC and CGA detected in the late
HOAc washings. Fractions containing CGA were combined and lyophilized. The fluffy
residue was dissolved in water and loaded onto an Amber lite IRA-410 anion exchange
column (3.5 x 40 cm, Ac0-), washed with water and 1 M HOAc. CGA was detected in
later acetic acid fractions as monitored by HPLC. Lyophilization and re-crystallization of
the residue from water yielded 28 mg of pure CGA.
Formation of Triacetyl PPNC (41a-b)
PPNC (8c-d, 33 mg) was dissolved in pyridine (2 mL) and acetic anhydride (1 mL)
and the mixture stirred for 3 h at room temperature. After removal of solvent to dryness,
the residue was dissolved in chloroform, washed with water, and dried over anhydrous
Na2SO4. Removal of solvent yielded pure triacetyl PPNC (45 mg, 88% yield).FTIR
(KBr): 3450, 3200-2900, 1738, 1714, 1660, 1630, 1234 cm* 1H NMR (300 MHz,
CDC13): 6 7.73 (d, J= 7.6 Hz,1H), 7.44 (d, J= 7.6 Hz, 1H), 5.84 (d, J= 9.3 Hz, 1H), 5.12
(m, 1H), 5.03 (s,1H), 4.07 (ddd, J = 13.3, 1.8, 1.6 Hz, 1H), 3.78 (dd, J = 13.2, 1.2 Hz,
1H), 2.46 (m,1H), 2,21 (s, 3H), 2.09 (s. 3H), 1.97 (m, 1H), 1.90 (s, 3H).13C NMR (75
MHz, CDC13): 6 170.90, 170.17. 169.91, 162.94, 155.03, 144.65, 97.46, 83.09, 69.91,
67.74, 66.67, 33.21, 24.93, 21.14, 20.68. HRMS (FAB): found m/z 353.1222 [M+Hr,
calcd for Ci5H19N307, m/z 353.1223.37
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Chapter 3
Feeding Metabolic Inhibitors and Purification of New Metabolites
Introduction
Feeding metabolic inhibitors to block the de novo biosynthesis of some essential
biosynthetic precursors, while at the same time supplementing large quantities of others,
was expected to distort the precursor pools and force the accumulation of biosynthetic
intermediates or new metabolites in the fermentation broth. Inhibition of various steps in
a biosynthetic pathway by growing an organism in the presence of enzyme inhibitors has
been used to provide evidence for the involvement of a particular enzymatic activity in
vivo,1 and to show which kind of biochemicalsystem is likely to be functioning for the
biosynthesis of the natural product.2-3In comparison to the method of developing
mutants to block some biosynthetic steps, this approach offers greater flexibility with
respect to the selection of inhibition points.Moreover, inhibitors can be applied in
combination with the manipulation of nutritional conditions to complement or amplify
inhibitory effects. Although utilization of enzyme inhibitors is empirical as to whether
any new metabolites will accumulate, numerous successful examples have been reported
in the study of biosynthetic pathways and mechanisms.4-11Inhibition of secondary
metabolism with little stress on primary metabolism is possible because in most cases, the
timing of bacterial growth and antibiotic production are well differentiated.12
Permeability barriers to the uptake of advanced nucleoside intermediates by
producing organisms generally render conventional whole-cell feeding experiments
inefficient.13Faced with potential permeability problems that could rule out further
intermediate feeding experiments, our group managed to alter the fermentation conditions
of S. griseochromogenes by feeding known inhibitors expected to be involved in the
biosynthesis of blasticidin S, as well as feeding large quantities of primary precursors in
order to overload the pathway. This has been demonstrated to be an excellent approach
in accumulating biosynthetic intermediates as well as new metabolites (Figure 3.1).14-16H2N,o
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Adding aminooxyaceticacid (AOAA), an inhibitor of PMP/PLP-dependent
transaminases, to cultures of S. griseochromogenes yielded CGA in large quantities.''
CGA (5) is the first committed precursor to the nucleoside portion of BS and should be
the initial intermediate for all cometabolites."In addition to CGA, PPNC and
pentopyranone accumulated when cytosine and arginine hydroxamate, an inhibitor of
argininebiosynthesis,werefedtoS.griseochromogenes.15 L-Ethionine,a
methyltransferase inhibitor, led to a transitory accumulation of demethylblasticidin S and
indicated that the methylation occurs late in the pathway.I8Cytosinine and other 4'-
amino derivatives have never been found to accumulate under a variety of conditions.
To elucidate intermediates between CGA and cytosinine, and to explore the
relationships between the various cytosinyl metabolites, additional inhibitors of enzymes
expected to function in the biosynthesis of 1 were investigated.The target bonds are40
indicated in Figure 3.2. Such inhibitors may lead to the accumulation of cytosinine, and
may lead to pentopyranamine D or other useful intermediates in its branch pathway. In
addition to PPNC, other pentopyranines were also expected to accumulate at detectable
levels.If PPNA and/or PPNB were to accumulate under these conditions, the
stereochemistry of 2'-deoxygenation could be investigated using a deuterium labeled
precursor to provide direct information about the putative iminoglycoseen reductase that
catalyzes the transformation.
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Results and Discussion
Feeding Inhibitors
A number of enzyme inhibitors aimed at limiting the availability of (3- arginine were
tested in the current study. These inhibitors included several that should affect arginine
production and those that would interfere with the conversion of a-arginine to 13-arginine
(Figure 3.3).
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Figure 3.3. Biosynthesis of arginine from glutamate
L-Arginine
Specificinhibitors of a-arginine biosynthesis that were tested included:y-
aminobutyric acid (42), 2,4-diaminobutyric acid (43), both inhibitors of ornithine
carbamoyltransferase;192-methylaspartate(44),aninhibitorof argininosuccinate
synthase;2° 2-fluorofumarate (45), an inhibitor of argininosuccinate lyase;21 spermidine
(46) and spermine (47), inhibitors of carbamoylphosphate synthase.22 Assuming that (3-
arginine is formed by a SAM-dependent enzyme similar to lysine-2,3-aminomutase,23 we
testedthemethionineadenosyltransferaseinhibitorsS-carbamoylcysteine(48),2442
methionine hydroxamate (49) and sinefungin (50).10The lysine-2,3-aminomutase and
methyltransferase inhibitor S-adenosylhomocysteine (51)25 was also evaluated (Figure
3.4).
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Finally, several arginine analogues were included in fermentations to see if they
would have inhibitory effects or serve as alternate substrates. These included canavaline
(52), homoarginine (53), N-nitro-L-arginine (54), NG-methyl-L-arginine (55), la-chloro-8-
guanidino-n-valeric acid (56), and L-argininic acid (57) (Figure 3.5).26
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With the exception of sinefungin, which due to limited availability was tested only
at 0.13 mM, all other inhibitors were added at concentrations ranging from 2.0 to 10 mM.
The inhibitors were administered both with and without added cytosine (2.7 mM).
Pyridoxamine and pyridoxamine-5-phosphate. at final concentration of 2.0 and 4.0 mM,
respectively, were also added to fermentations with many of the above compounds in an
attempt to accumulate intermediates possessing a 4'-nitrogen.The inhibitor feedings
were typically initiated 52 hours after seed inoculation and coincided with the beginning
of blasticidin S production. The concentrations of inhibitors were comparable to those
reported in the literature, and some of them were adjusted according to information
obtained during the feeding experiments.However, the concentrations were not
optimized systematically. A chemically defined medium (100 mL each) was adopted
sinceit would be expected to enhance the inhibitory effects and to simplify the
interpretation of the inhibitory results.Metabolite production in the fermentations was
monitored daily by HPLC beginning two days after the addition of the inhibitors.
Results of Inhibitor and Primary Precursor Feedings
Initially, HPLC analysis of the fermentations was performed on a C18 reverse phase
column.Unfortunately, due to poor separation of compounds on the Cig column, no
reproducible new metabolite accumulation was detected as compared to the control
fermentations. A better HPLC system, which dramatically improved the separation of
fermentation components, was developed using a polysulfoethyl aspartamide strong
cation exchange column with a phosphate buffer ionic strength gradient. Many of the
previous samples were checked again with this HPLC system. A portion of these results
are presented in Table 3.1.The production levels of PPNC, DBS and BS were
formulated from nine independent sets of feeding experiments and were normalized to the
production in each corresponding control fermentation.Due to the low production of
CGA and its short retention time ( 4.2 min) on the cation exchange column, the CGA
peak was usually contaminated, and normalization of CGA was omitted. However, CGA
production increased dramatically whenever cytosine was co-fed.44
Table 3.1. Effects of inhibitors and primary precursors on PPNC, DBS and BS a'b
SampleCompounds feddQuantities
(mg)
PPNC
(units)
DBS
(units)
BS
(units)
1 none 1.00 1.00 1.00
2 cytosine 30 7.80 2.75 1.63
3 GABA 100 0.87 0.98 1.07
4 GABA/Cyt 100/30 4.66 3.09 1.58
5 DABA 100 0.54 0.28 0.37
6 DABA/Cyt 100/30 3.91 1.30 0.49
7 DABA/PM 75/50 1.10 0.95 1.08
8 DABA/Cyt/PM 75/30/50 6.78 1.60 0.82
9 PM 50 2.20 1.76 1.79
10 PM/Cyt 50/30 6.87 2.66 1.08
11 MAA 100 2.36 0.37 0.50
12 MAA/Cyt 100/30 15.3 1.52 0.90
13 MAA/Cyt/PM 25/30/50 6.16 2.25 0.97
14 GABA/MAA/Cyt 100/100/30 17.1 1.88 0.98
15 MAA/PM 75/50 1.88 0.68 0.77
16 MAA/Cyt/PM 75/30/50 10.8 2.52 1.08
17 Sinefungin 5 1.44 0.64 0.70
18 Sinefungin/Cyt 5/30 4.81 2.70 1.27
19 SCC 40 1.30 2.42 1.71
20 SCC/Cyt 40/30 3.38 3.91 1.99
21 SCC 100 0.31 1.08 0.30
22 SCC/Cyt 100/30 1.05 1.77 0.82
23 SAH 50/30 4.73 2.96 1.09
24 MetH 100 1.11 3.07 0.96
25 MetH/Cyt 100/30 2.19 9.90 0.96
26 MetH/Cyt 200/30 7.71 20.6 2.28
27 Fluorofumarate 40 0.92 0.81 1.02
28 Fluorofumarate/Cyt40/30 12.8 2.25 1.19
29 Arg-NO2 100 1.41 0.98 1.03
30 Arg-NO2/Cyt 100/30 2.30 1.68 0.74
31 ArgA 100 3.85 1.00 0.56
32 ArgA/Cyt 100/30 7.59 2.20 0.65
33 ArgA/Cyt 150/30 9.25 2.36 0.89
34' CGV 100 5.88 1.09 0.65
35C CGV/Cyt 100/30 14.7 1.19 0.55
36' MeArg/Cyt 100/30 4.97 0.49 0.40
37C Spermidine/Cyt 100/30 3.39 3.26 1.40
38' Spermine/Cyt 100/30 4.99 2.49 1.31
39 PMP/ArgH 100/50 0.84 0.64 0.7845
Table 3.1 (Continued)
40 Glutamate/ArgH 100/50 0.62 1.32 1.65
41 Aspartate/ArgH 100/50 1.70 0.77 1.15
42 PMP/ArgH/Cyt 100/50/30 3.45 2.02 1.11
43 Aspartate/ArgH/Cyt100/50/30 12.4 5.72 3.61
a.All productions were normalized to a control broth which was arbitrarily assigned as
1.00 unit.
b.All samples were taken at 168 hours after seed inoculation except as otherwise noted.
c.Sample analyzed was taken at 144 hours after seed inoculation.
d.Abbreviations, Cyt: cytosine, SAH: S-adenosyl-L-homoserine, SCC: S-carbamoyl-L-
cysteine, ArgH: arginine hydroxymate, MetH: methionine hydroxamate, PMP:
pyridoxamine-5-phosphate, PM: pyridoxamine, MeArg: NG-methyl-L-arginine, ArgA:
argininic acid, GABA: 7-aminobutaric acid, DABA: 2,4-diaminobutaric acid, MAA:
a-methylaspartate, Arg-NO2: nitro-L-arginine, CGV: a-chloro-8-guanidino-n-valeric
acid.
The accumulation of PPNC. CGA, and demethylblasticidin S was detected when
appropriate inhibitors were incubated (Table 3.1). The highest levels of PPNC and CGA
observed from this study were comparable to those previously observed in studies using
different inhibitors.I5However, demethylblasticidin S accumulated at levels 20 times
greater than normal when methoinine hydroxamate and cytosine were included in the
fermentation.This was much higher than previously observed.15Methionine
hydroxamateinhibitstheformation of S-adenosylmethionine,
availability of SAM which is required to convert DBS to BS.
In most fermentations no elevated levels of new cytosine-containing metabolites
were detected compared to the controls. In particular, cytosinine could not be detected in
any fermentations. One possibility is that cytosinine is not released from the enzyme in
free form.However, one metabolite with a retention time of5 min reproducibly
accumulated about 2-3 fold in fermentations containing either argininic acid or a-
methylaspartate along with added cytosine (Figure 3.6).Photodiode array detection
showed maxima at 215 and 275 nm, characteristic of a cytosine chromophore. A
retention time close to CGA on the cation exchange column suggested this metabolite
might contain a carboxyl group. This metabolite was isolated from a preparative scale
thuslimitingthe46
fermentation with additions of cytosine and argininic acid as describe later in this chapter
and characterized.
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Figure 3.6. Ion exchange HPLC profile for the production of a new metabolite
Production and Purification of Large Quantities of DBS
DBS was first obtained in milligram quantities from hundreds of liters of broth.27
Addition of L-ethionine,aninhibitor of methyltransferases,ledtoa two-fold
accumulation of DBS.15 In order to purify large quantities of DBS for further studies (see
Chapter VI), the production of DBS in a complex medium with supplementation of
methionine hydroxamate was investigated.In general, larger quantities of metabolites
were produced in complex medium in comparison to the chemically defined medium.
Through a number of feeding experiments, we found that approximately 700 mg/L of
DBS was produced in the complex medium fermentations supplemented with methionine
hydroxamate (2 g/L) and cytosine (1 g/L).DBS was now the major metabolite in
comparison to BS, and this simplified the purification because separation of DBS from
BS was the most difficult step of the purification (Figure 3.7).Through repeated
chromatography on a cation exchange column, 421 mg of DBS was purified from 1.4 L of
fermentation broth.The 1H NMR spectrum of the isolated DBS was identical to that47
reported in the literature.27 The 13C NMR spectrum and HRFABMS were also consistent
with the structure.
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Figure 3.7. Ion exchange HPLC profile of DBS production
Purification and Structure Elucidation of a New Cytosine Glycoside
The unidentified metabolite was produced and purified from a preparative scale
fermentation of S. griseochromogenes containing added cytosine and argininic acid.
Purification was achieved using ion exchange, size exclusion chromatography and reverse
phase HPLC.The new metabolite was assigned the structure 58 on the basis of
spectroscopic data and a comparison to related compounds (Figure 3.8).1Hand 13C
6'
HO2C , O
0 N 4
HO N NH,
3'-13H65
58
Figure 3.8. Structure of new metabolite 5848
NMR spectroscopic data are presented in Table 3.2. High-resolution mass spectrometry
provided a molecular formula of C101113N306 and suggested that the new glycoside was a
deoxysugar analogue of CGA.
Table 3.2. NMR signal assignments for 58
Position 13C (8) Multiplicity'H (8) (mult, J (Hz)) HMBC
2 148.7 C H6, H1'
4 160.1 C H5, H6
5 94.9 CH 6.12 (d, 7.8) H6
6 144.6 CH 7.90 (d, 7.8) H5, H1'
1' 82.2 CH 5.96 (d, 9.2) H5'
2' 62.9 CH 3.87 (ddd, 11.2, 8.9, 4.4) H1', H4'
3' 35.5 CH2 1.54 (Ha,, ddd, 13.6, 11.1, 2.5)H1', H5'
2.08 (Heq, bd 13.3)
4' 65.8 CH 4.21 (bs) H5'
5' 78.8 CH 4.42 (s)
6' 170.9 C H5'
exchangeable 9.33 (s), 8.69 (s), 5.35 (bs)
'H and 13C NMR spectra were obtained in DMSO-d6 at 300 and 75 MHz, respectively.
The presence of a methylene carbon in 58 was supported by an HMQC experiment
revealing a coupling between the carbon at 8 35.5 and diastereotopic protons at 8 1.54
and 2.08. Assignment of the deoxygenated carbon as C-3' was based on the interpretation
of the coupling patterns in a COSY spectrum as well as HMBC correlations of the
methylene carbon to H-1' and H-5' (Figure 3.9).
COSY
HMBC NOE
Figure 3.9. Summary of COSY, HMBC and NOE data49
Although H-4' appears as a broad singlet, a COSY experiment revealed clear
couplings to H-3'ax, H-3'eq and H-5'.Similarly, the singlet corresponding to H-5' at 6
4.42 showed a clear coupling to H-4' in the COSY spectrum.Irradiation of H-1' in a
difference NOE experiment produced enhancement of H-5' and H -3',,signals and
established that the carboxyl group was equatorial (Figure 3.9).The small coupling
constant with H-5' suggested that H-4' was also equatorial.
The stereochemistry at H-5' was confirmed by formation of a P-lactone (59)
involving the 4' hydroxyl and 5' carboxyl groups (Figure 3.10). When HPLC fractions
containing 58 were concentrated to dryness in a centrifugal concentrator instead of by
lyophilization, a 'H NMR spectrum of the reulting material in DMSO-d6 showed the
presence of two related compounds in about a 1:1 ratio (Figure 3.11). One set of signals
was readily assigned to 58, while the other set had a similar coupling pattern but different
chemical shifts. Upon standing for several days, the amount of the unknown compound
decreased while the percentage of 58 increased, suggesting the compounds could be
interconverted.
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Figure 3.10. Structure of the p-lactone formed from 58
Acquiring 'H NMR spectra at high temperature (70 °C) or in the presence of
trifluoroacetic acid, did not change the ratio of the two sets of signals.Thus, the two
compounds did not appear to be conformers or tautomers. The resonances for H-4' and
H-5' of the second compound were shifted 1.4 and 0.5 ppm, respectively, relative to the
corresponding signals in 58. In addition, the 13C NMR signal for the new carbonyl came
at 5 168.7. These data, along with connectivity information from a COSY spectrum of
the mixture, were consistent with the P-lactone derived from 58. When the 'H NMROH
59
OH
58
a. resonances belong to 58
b. resonances belong to 59
NH2
a
0
Figure 3.11. 1H NMR of a mixture of 58 and 59 051
spectrum was recorded again after 25 days, all of the P-lactone had been converted to 58.
The interrelationship was further confirmed when the solvent was removed under vacuum
and a 'H NMR spectrum was acquired in fresh DMSO-d6 revealing approximately 10%
of the sample was again in the p-lactone form.
Compound 58 appears to be most related to PPNC and pentopyranamine D, the
nucleosideportionof blasticidinH.28Incomparisontothedecarboxylated
pentopyranines, compound 58 retains the carboxyl group.Although cytosinine and
pentopyranamine D retain the carboxyl groups, they have not been detected as free forms
in the fermentation broth. The presence of this metabolite suggests that the putative P-
keto acid intermediate might not undergo spontaneous decarboxylation upon release from
the enzyme, and provided a possibility to identify the 4'-keto intermediate beyond CGA.
Figure 3.12 depicts a possible pathway leading from CGA to 58.
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Summary
Various inhibitors of arginine metabolism were added to fermentations of S.
griseochromogenes. Although the inhibitor studies did not provide the results we had
expected, i.e. formation of 4'-amino derivatives of CGA such as cytosinine, one novel
metabolite did accumulate.29The identification of this metabolite from such a
systematically studied microorganism proves that the in vivo use of enzyme inhibitors is a
great methodology to accumulate new compounds.The presence of this compound
provides further support for the proposed mechanism of the biosynthesis of blasticidin S
and related metabolites.Demethylblasticidin S was produced and readily purified in
large quantities from fermentations supplemented with methionine hydroxamate and
cytosine.However, the involvement of cytosinine in the pathway remained to be
confirmed.53
Experimental
General
NMR spectra were recorded on either a BRUKER AC 300 or AMX 400
spectrometer. HPLC analysis was performed on a Waters 996 or Waters 990 system.
Mass spectra was recorded on a Kratos MS 50 TC spectrometer. Infrared spectra were
recorded on a Nicolet 5DXB FT-IR spectrometer. Ion exchange resins were purchased
from Sigma. Double deionized water (Milli-Q, Millipore) was used for all fermentations
and HPLC.With the exception of 2-fluorofumarate, enzyme inhibitors and arginine
analogues were purchased from either Aldrich or Sigma.
2-Fluorofumarate
2-Fluorofumarate was prepared according to the literature procedure.3°To a
solution of Bu4N+FAH20 (8.4 g) in 1,2-dichloroethane (300 mL) in a polyethylene flask
was added a mixture of KHF2 (11.7 g) in water (35 mL) and concentrated (48%)
hydrofluoric acid (5.5 mL).This two-phase medium was stirred for 2 h at room
temperature and then allowed to separate. The aqueous phase was extracted with 1,2-
dichloroethane. The combined organic phase was distilled until a constant boiling point
was reached (83 °C) in order to eliminate the residual water. Evaporation of the solvent
afforded a viscous liquid (9.5 g), which contained tetrabutylammonium dihydrogen
trifluoride(Bu4N±H2F3-). Tothisactivereagentwasaddeddimethyl
acetylenedicarboxylate (1.84 mL) and the resulting solution heated for 11 h at 70 °C
under anhydrous conditions.After cooling to room temperature the reaction was
quenched with water and extracted with ether.The organic' extract was washed with
water until pH 5-6 and dried (Na2SO4). Filtration and evaporation of solvent yielded 1.7
g of dimethyl 2-fluorofumarate.The dimethyl 2-fluorofumarate was dissolved in 3 N
NaOH (5 mL) and heated at 90 °C for 15 min. The resulting mixture was adjusted to pH
1 and extracted with ether.The organic extract was dried (Na2SO4), filtered, and
evaporated to dryness. Recrystallization of the residue from benzene/acetone yielded 420
mg of 2-fluorofumaric acid. NMR (300 MHz, acetone-d6) 8 10.70 (bs, 2H, exch.),54
6.33 (d, J = 30.1 Hz, 1H). 13C NMR (75 MHz, acetone-d6) 6 163.5 (d, J = 2.3 Hz), 161.0
(d, J = 35.5 Hz), 155.0 (d, J = 284 Hz), 168.7 (d. J = 4.4 Hz).
HPLC Analysis
The conditions for analytical HPLC were as follows: polysulfoethyl aspartamide
strong cation exchange column (The Nest group, 45 Valley Road, Southboro, MA); 4.6 x
200 mm; mobile phase, (A) 5 mM potassium phosphate in 25% aqueous MeCN, pH=3.0,
(B) 5 mM potassium phosphate in 25% aqueous MeCN containing 0.25 M KC1, pH=3.0,
30 min linear gradient from 0 to 100% B followed by 10 min 100% B; flow rate 1.0
mL/min.C18 reverse phase column (Microsorb-MV, Varian) 4.6 x 250 mm; mobile
phase, 5% aqueous MeCN, 0.1% TFA, isocratic, flow rate 1.0 mL/min. The UV region
from 200 to 300 nm was scanned using a photodiode array detector. In general, 0.5 mL
of sample was taken from a fermentation and centrifuged using a microcentrifuge at
14,000 rpm.The supernatant (20 4) was injected using an autosampler (Hewlett-
Parkard 1050 series, model 79855A).
Culture Maintenance and Fermentation Conditions
Standard culture maintenance and seed growth have been described in Chapter 2.
Chemically defined medium was used for the general inhibitor studies and the production
of the new cytosine glycoside, whereas the complex medium was used for the production
of demethylblasticidin S.Both preparative fermentations were harvested at 168 h after
inoculation.
Thechemicallydefined medium was preparedfromfoursolutions(all
concentrations are final concentrations), solution A: 10.0% sucrose and 0.5% glucose,
Solution B: 1.0% (NH4)2HPO4 and 0.3% KC1; solution C: 0.2% CaC12.2I+0; solution D:
0.2% MgSO4.7H20 and 0.004% of each of FeSO47H20, ZnSO4-7H20 and MnSO4H20.
These solutions were prepared and autoclaved separately and then combined immediately
before the seed inoculation in standard Erlenmeyer flasks.55
Feeding Protocol
Inhibitors and primary precursors were usually dissolved in a small amount of water
and added to the fermentations through sterile filters at 48-52 h after inoculation. Solid
compounds were added directly for those with low solubility in water. Cytosine was fed
by adding 3% sterile solution.
For the preparative fermentation to isolate 58, argininic acid (750 mg) was
dissolved in approximately 15 mL of H2O and the solution was sterile filtered.This
solution was then added in equal portions to five 200 mL production broths 50 hr after
seed inoculation. At the same time, a sterile solution of cytosine (150 mg) was similarly
added.
For the fermentations designed to isolate demethylblasticidin S, solid methionine
hydroxamate (2.8 g) was added in equal portion to seven 200 mL production broths 48
hours after seed inoculation. At the same time, a sterile solution of cytosine (1.4 g) was
added through a sterile pipet.
Isolation of New Cytosine Glycoside 58
The chemically defined medium fermentation broth (1 L) was centrifuged at 10,000
x g for 10 minutes. Pellets were washed with a minimum amount of water, recentrifuged,
and the washings were combined with the original supernatants. The supernatants were
loaded onto a Dowex 50W-X4 cation exchange column (H+ form, 2.5 x 30 cm) at a flow
rate of 5 mL/min. The column was washed with water until the pH of the effluent was
neutral, and bound material was eluted with 5% aqueous pyridine. Compound 58 was
found in the dark eluate of the early pyridine fractions.Lyophilization yielded a fluffy
solid (1.5 g) that was triturated with methanol to remove insoluble material including
most of the argininic acid.The methanol extract was dissolved in a small amount of
Me0H/H20 (1:1), applied to a LH-20 column (2 x 100 cm), and eluted with Me0H/H20
(1:1).Fractions of 15 mL were collected and analyzed for 58 by HPLC.Fractions
containing 58 were combined and evaporated to dryness, yielding 420 mg of material still
contaminated with argininic acid. The sample was dissolved in a small amount of water,
loaded onto a S-Sepharose column (H+ form, 1.5 x 20 cm) and eluted with water while56
applying a low pressure.Under these conditions argininic acid was retained on the
column while 58 passed through. Fractions containing 58 were combined and evaporated
to dryness, yielding 45 mg of solid.To remove contaminating CGA, one half of this
residue was dissolved in water and purified by reverse-phase HPLC (Rainin Microsorb-
MV C 18, 4.6 x 250 mm); mobile phase, 1% acetonitrile in H2O containing 0.15% TFA;
flow rate: 1.0 mL/min. Fractions containing 58 were combined and lyophilized to give 7
mg of a fluffy solid and this sample was used for the structure elucidation. The remaining
residue from the S-Sepharose column was also purified by HPLC and fractions containing
58 were concentrated in a centrifugal vacuum concentrator to give an 8 mg sample that
contained the 13-lactone.
The cytosine glycoside was obtained as a white fluffy solid: FTIR (KBr) vff, 3500-
2500, 1730, 1682, 1273, 1200 cm-1.1H and 13C NMR data, see Table 3.2. FABMS
(positive ion, thioglycerol-glycerol) m/z 272 (70) (M+H), 237 (30), 131 (70), 112 (100).
HRMS (FAB): found m/z 272.0883, calcd for C wHI4N306z 272.0883.
Purification of Demethvlblasticidin S
Complex medium fermentation broth (1.4 L) was centrifuged at 6,000 x g for 10
minutes. Pellets were washed with a minimum amount of water, recentrifuged, and the
washings were combined with the original supernatants. The supernatants were cooled to
4 °C and the pH was adjusted to 2.6 with 6 N HC1. After standing for 10 minutes, the
precipitated colloidal material was removed by centrifugation. The clear supernatant was
loaded onto a cation exchange column (Dowex 50W-X 4, H± form, 4.0 x 45 cm) at a flow
rate of 6 mL/min. The column was washed with water until the pH of the effluent was
neutral, and then with 5% aqueous pyridine until the dark eluate came out. At that time,
the mobile phase was changed to 1.2% aqueous NH4OH and fractions of 25 mL were
taken.Demethylblasticidin S eluted in fractions 66-102 immediately after most of
blasticidin S (fractions 61-65).Lyophilization of the DBS containing fractions yielded
906 mg of fluffy material. This was dissolved in water (80 mL) and loaded onto the same
cation exchange column (regenerated), and eluted with 0.5 N NH4OH while collecting
fractions (20 mL each).Fractions containing DBS (104-152) were pooled and57
lyophilized, the residue was dissolved in a small amount of water, and the pH was
adjusted to 4.0 with 1 N HC1. Lyophilization yielded 421 mg of DBS.
DBS was obtained as a white solid.1H NMR (400 HMz, D20) 6 7.86 (d, J= 7.9
Hz, 1H), 6.56 (s, 1H), 6.25 (d. J= 8.2 Hz, 2H), 5.93 (d, J= 10.3 Hz, 1H), 4.82 (1H, under
HOD), 4.27 (d, J = 8.7 Hz, 1H), 3.75 (m, 1H), 3.39 (t, J = 7.1 Hz, 2H), 2.81 (dd, J = 16.2,
4.8 Hz, 1H), 2.69 (dd, J = 16.3, 7.5 Hz, 1H), 2.05 (m, 2H). '3C NMR (400 MHz, D20) 6
175.6, 172.6, 161.3, 158.4, 150.5, 147.0, 135.4, 126.3, 97.0, 80.9, 78.4, 48.1, 46.6, 38.9,
38.2, 32.4. HRMS (FAB) m/z 409.1964, calcd for C16H25N805 m/z 409.1948.58
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Enzymatic Studies Related to Cytosinine
Introduction
60
The most commonly used approach in studying the biosynthesis of secondary
metabolites utilizes in vivo isotopic tracer experiments. Such studies are performed with
intact cells and consequently suffer from several inherent disadvantages. For example,
exogenous precursors usually have to traverse the cell wall and/or membrane in order to
join the de novo produced intermediates, usually inside the cells, where the actual
biosynthesis takes place. Secondly, the compounds fed may degrade or distribute among
other catabolic or anabolic pathways. Therefore, precursor incorporation is generally low
and interpretation of isotopic labeling patterns in the product may be complicated, and
sometimes impossible.
In contrast to whole cell feedings, biosynthetic investigations have been studied
increasingly atthe enzymaticlevel,'and more recently with molecular biology
technology.2One of the most obvious advantages of the enzyme studiesis the
elimination of permeability barriers both to the incorporation of added substrates and to
the detection and isolation of transitory products.3Investigations with cell-free enzyme
preparations also have the advantage that each step can be examined independently
without interference from other transformations of the administered precursors or the
products formed from the metabolic matrix of the producer cells. This methodology has
allowed the most direct insight into the structures of intermediates, cofactor requirements
and mechanisms of individual biosynthetic reactions, and into the structures and
properties of the protein catalysts themselves.
Cytosinine (19) was a hydrolytic product of blasticidin S (1),4-5 but has never been
identified in the fermentation media of S. griseochromogenes. Retrobiogenetic analysis
indicates that cytosinine is a likely intermediate to BS. The reconstruction of 1 from 19
and blastidic acid (20) by a mycelial suspension of S. griseochromogenes had been61
reported,6 but was not reproducible: and was tested without the benefit of isotope labels.
Radio labeled cytosinine prepared in our group failed to be incorporated into BS by
cultures of S. griseochromogenes.8 The reason was ambiguous because bacterial cells
may not be readily permeable to nucleosides.9-11Interfering with the secondary
metabolism of S. griseochromogenes by feeding enzyme inhibitors did not lead to the
accumulation of cytosinine, although a number of blasticidin S intermediates and other
metabolites related to the pathway accumulated.8. 11-13
Cytosylglucuronic acid synthase (cytosine : UDP-glucuronic acid transferase) 14 and
demethylblasticidin S N-methyltransferase 15 have been detected in the cell-free extract of
S. griseochromogenes. However, no other enzymes had been detected which function
between these two enzymes. Detection of such enzymes is important in elucidating the
key biochemical processes in the middle of the pathway. The enzymatic studies with
cytosinine are described in this chapter.62
Results and Discussion
Coupling of Cytosinine and 13-Arginine
Since 13-arginine has been demonstrated as an intermediate in the pathway,
I6
demethylblasticidin S might arise from the direct coupling of cytosine and 13-arginine
(Figure 4.1). Analogous to non-ribosomal peptide biosynthesis, ATP may be required to
activate the I3-arginine carboxyl group as an acyladenylate.17Although the peptidyl-
nucleoside antibiotics present a different structural motif, the same mechanism of amino
acid activation has recently been demonstrated for this class of compounds.' 8
HO,C 0
N}\
+ H2NI N
NH.
Cytosinine. 19
NH NH, 0
OH H,NJ-L
N +ATP
25
CFE
Figure 4.1. Possible formation of demethylblasticidin S
DBS
Cytosinine (19) was obtained by hydrolysis of blasticidin S and 13-arginine (25) was
synthesized earlier during studies on itsrole in the pathway.
16Mycelia of S.
griseochromgenes from a 72 h fermentation were pelleted by centrifugation, re-suspended
in buffer, and sonicated with cooling to prepare a cell-free extract (CFE). Samples of 19
and 25 were incubated with ATP, MgSO4 and aliquots of the CFE. HPLC analysis of the
incubations using a cation exchange column showed no detectable formation of DBS.
After detection of the tautomerase activity (see next section), PLP was also included in
the incubation mixtures. PLP may be involved in the coupling of 19 and 25 as proposed
in Figure 4.2. This hypothesis indicates that cytosinine is never released from the enzyme
and is consistent with the absence of cytosinine in the fermentation. However, no DBS
was formed at a detectable level. One possibility for the negative result is that 13-arginine
is not the real substrate for the reaction.Nonetheless, these experiments remain
inconclusive.63
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Figure 4.2. Possible involvement of PLP in the coupling of cytosinine and 13-arginine
Identification of Cytosinine:Pyridoxal Phosphate Tautomerase
Believing that cytosinine was still a likely intermediate, we approached the problem
from the reverse direction. Because the first deoxygenation in the pathway appeared to be
a pyridoxamine phosphate-dependent process, the second deoxygenation might be
expected to follow as a consequence (Figure 4.3). In such a situation, the tautomerization
of imine 32 to imine 60 should be reversible.
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Figure 4.3. Proposed mechanism leading to cytosinine from CGA
The CFE was prepared as above except that it was resuspended in buffer made
using D20 before sonication. A sample of 19 was incubated with pyridoxal phosphate64
(PLP) and the CFE.Cytosinine was recovered from this mixture by ion exchange
chromatography and recrystallized.A portion was analyzed by 'H NMR and the
resonance for H-4' was noticeably diminished in comparison to those of the rest of the
molecule and to that of unlabeled sample. The 2H NMR of a second portion confirmed
this with a substantial signal at 6 4.25 for H-4' and surprisingly, also contained a
resonance at 6 6.42 for H-2'. By normalization to the resonance for t-butanol, included as
a chemical shift and deuterium quantitation reference, the enrichments were 31% and 8%,
respectively. Since the incubation mixture had been prepared from mycelia and D20 in a
1:2 ratio (v/v) (therefore 67% deuterated), these enrichments would correspond to 46%
and 12%, respectively, had the incubation solvent been 100% D20.
This experiment was repeated with CFE that was 80% deuterated, and in this case
half the CFE was boiled prior to incubation with 19 and PLP. The incubation resulted in
deuterium enrichments of 36% and 10% for H-4' and H-2', respectively, and these were
normalized to 45% and 13% for incubation in 100% D20 (Figure 4.4). A molecular ion
could not be obtained by either EI-MS or CI-MS, but was be obtained using positive
FAB-MS. Mass spectrometric analysis of the molecular ion region revealed a distribution
of 66% do, 28% d,, and 6% d2.The observed natural isotope abundances from an
unenriched sample, [(M+1)+1]± and [(M+1)+2]+, differed from calculated values by a few
percent. While this introduced some error in the calculation, the trend is clearly in the
line with the NMR results; each d2 molecule contributes to both the H-4' and H-2'
resonance.The cytosinine recovered from the boiled enzyme control showed no
deuterium enrichment by 2H NMR or MS. Similarly, a mixture of cytosinine and PLP in
D20 failed to result in any exchange of the relevant cytosinine hydrogens.Thus, the
exchange observed with active CFE must be enzyme catalyzed, and provides clear
evidence that cytosinine is a metabolite of S. griseochromogenes and an intermediate in
the biosynthesis of 1.H-2'
H-4' t-BuOH
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
PPM
3.5 3.0 2.5 2.0 1.5 1.0
Figure 4.4. 2H NMR of cytosinine recovered from activeenzyme incubation
5 0.066
These experiments also corroborate the prediction that the sugar deoxygenations in
this pathway involve pyridoxamine as the coenzyme,19 confirming the biogenetic
relationship to the formation of 3,6-dideoxycarbohydrates (e.g., the CDP-4-keto-6-deoxy-
D-glucose-3-dehydraseleadingtoascarylose20)foundinthelipopoly-saccharide
components of a number of Gram-negative bacterial cell envelopes!'
While deuterium exchange at H-4' was expected, exchange at H-2' was not.
Nonetheless, it is a logical consequence of the apparent reaction mechanism (Figure 4.5).
Tautomerization of intermediate imine 60 results in formation of 32a and, if deuterons
are accessible at either end, ultimately leads to deuteration at both sites. Thus, the
observed exchange at two positionsisnot an indication of "sloppiness" of the
tautomerase.Rather, it may reveal topological information about the active site or
different accessibilities to one or more protonated active-site residues or solvent. In any
event, exchange at either site reveals turn-over for the tautomerase reaction. Because the
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Figure 4.5. Proposed incorporation of deuterium into cytosinine (19)
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NH267
solvent was either 67% or 80% deuterated, formation of 60b would yield doubly-
deuterated product (i.e., also deuterated at H-4') 67% or 80% of the time, respectively,
without consideration of isotope effect.
A third experiment was carried out with CFE that was 68% deuterated. In this case
half the CFE was centrifuged at 13,000 x g for 15 min, and then ultracentrifuged at
80,000 x g for 1.5 h.The resulting pellets (re-suspended in D20 buffer) and the
supernatant were incubated with cytosinine and PLP. The other half of the crude CFE
was also incubated with cytosinine and PLP as a reference. The incubation with crude
CFE yielded cytosinine with deuterium enrichment of 16% for H-4' and 4% for H-2', and
these were normalized to 23% and 7% for incubation in 100% D20. The incubation with
ultracentrifuged CFE supernatant yielded cytosinine with deuterium enrichment of 25%
for H-4' and 8% for H-2', and these were normalized to 36% and 11% for incubation in
100% D20. No deuterium enrichments was observed at either positions in the cytosinine
recovered from the incubation with the resuspended ultracentrifuge pellet. The sample
obtained from incubation of the low speed centrifuge pellet resuspension showed
enrichment of only 9% for H-4' and 2% for H-2', and these were normalized to 10% and
2.2% for incubation in 100% D20. These results clearly indicate the tautomerase is a
soluble enzyme.68
Summary
Cytosinine:pyridoxal phosphate tautomerase has been detected and for the first time
cytosinine was confirmed as an intermediate in the biosynthesis of blasticidin S.22
Whether the tautomerase is an independent protein or an additional activity of the
dehydrase remains to be determined. However, the results further support a PLP/PMP-
dependent transamination in the biosynthesis of blasticidin S, and reveal a new
biochemical role for pyridoxamine phosphate. The high deuterium enrichment provides a
methodology to label cytosinine enzymatically with tritium at H-4' that could be used as a
probe for the purification of this enzyme. The enzyme seems stable even without the
addition of protease inhibitors in the CFE.Together with CGA synthase and the
methyltransferase, the discovery of this enzyme integrates the early and later steps into an
intriguing picture of the biosynthesis of BS.69
Experimental
General
Fermentation conditions and media preparation used in the following experiments
were described in Chapter 2. The conditions for acquiring 2H NMR spectra in H2O and
the enrichment calculations were reported in Chapter 2 as well. Conditions for analytical
HPLC were reported in Chapter 3.
Preparation of Cvtosinine from Hydrolysis of Blasticidin S
BS hydrochloride (500 mg) was dissolved in 10 mL of 3 N H2SO4 and heated to 90
°C for 40 h.The progress of the reaction was monitored by silica gel TLC
(BuOH:MeOH:NFI4OH:H20 = 5:2:2:1). The reaction mixture was cooled and neutralized
to pH 4.0 with BaCO3.The precipitate was removed by centrifugation and the
supernatant was loaded onto an anion exchange column (Amber lite, IRA-410, 16-50
mesh, OFF, 2.5 x 20 cm). The column was washed with H2O to pH-9.0 and then eluted
with 0.5 N HC1. Fractions of 20 mL were collected and analyzed for cytosinine by TLC.
Fractions 22-37 were pooled and lyophilized. The residue was dissolved in H2O, filtered,
and lyophilized again. Recrystallization of the residue from H20-acetone afforded 50 mg
of pure cytosinine (18% yield). 1H and 13C NMR spectra were recorded and found to be a
perfect match with those of a standard sample. Blastidic acid (80 mg) was also purified
from the effluent of the anion resin. Hydrolysis under basic conditions seemed better than
acid hydrolysis for the preparation of cytosinine ( 140 mg from 1 g BS).However,
blastidic acid was destroyed under these condition, and the reaction required more than
10 days.
Preparartion of Cell-free Extracts
Streptomyces griseochromogenes grown in a chemically defined medium were
generally harvested 72 h after the inoculation.The mycelia were pelleted by
centrifugation at 10,000 x g for 10 min at 4 °C, and washed twice by resuspending in 50
mM KP, buffer pH 7.0 (5 volumes of the pellet) containing 1 mM dithiothreitol and70
centrifuging as described. The pellet was either used directly or stored at -80 °C.In
general, one volume of pellet was suspended in 2 volume of buffer mentioned above,
cooled in an ice-ethanol bath, and disrupted by sonication (Heat Systems Ultrasonic, Inc.
model W-225. power level 8, 40% duty cycle). Sonication was for 3 x 1 min with 1 min
cooling interval. Boiled CFE was obtained by immersion in boiling water for 10 minutes.
For use in the deuterium exchange experiments, the mycelial pellet was resuspended in
buffer prepared from D20 before sonication.
Incubation Conditions for the Coupling Reaction Assay
For a typical incubation, 2 mM cytosinine. 2 mM 13-arginine and 4 mM ATP were
combined with CFE in a total volume of 1.0 mL. The concentration of MgSO4 was 4
mM when it was added. The incubations were performed overnight in a 30 °C water bath
and terminated by adding an equal volume of cold ethanol. The mixture was centrifuged
and the supernatant was analyzed by HPLC using the ion-exchange method mentioned
previously. In a control experiment, boiled CFE was used. When PLP was included, the
incubation conditions were: 3 mM cytosinine. 10 mM 13-arginine and 10 mM ATP and 10
mM PLP in 0.5 mL assay containing 0.4 mL of CFE.
Standard Assay Work-up for Detection of the Tautomerase
After a typical incubation, an aliquot of trichloroacetic acid (TCA, 30-40%) was
added to make the final concentration 10% and the mixture was centrifuged (10,000 x g,
10 min). The supernatant was applied to a column of Dowex 50 W-X4 (100-200 mesh,
1-1±, 3.0 x 17 cm), and the column washed with water to neutrality and then eluted with
5% aqueous pyridine (5 mL/min). Cytosinine eluted in the earliest pyridine-containing
fractions and these were combined and lyophilized. The fluffy residue was dissolved in a
small volume of water and adjusted to pH 3.0 with 1 N HCI, filtered, and lyophilized.
The residue was recrystallized from H20/acetone.71
Enzyme Incubation #1
Mycelia (25 mL) from two 200 mL fermentations were suspended in D20 buffer (50
mL) and disrupted by sonication to yield CFE (75 mL). Cytosinine (15 mg), PLP (0.52
mg), and CFE (25 mL) were incubated for 1 h at 30 °C in a 125 mL Erlenmeyer flask
with occasional gentle swirling.Another aliquot of CFE (25 mL) was added and the
mixture treated in the same manner for an additional 2 h, at which time a third 25 ml
portion of CFE was added and the mixture incubated overnight. TCA (25 mL, 40 %) was
then added to the mixture. The supernatant was chromatographied twice on a Dowex
column yielding 111 mg of crude cytosinine containing a substantial amount of salt.
Recrystallization afforded 11 mg of cytosinine. An aliquot was dissolved in 0.5 mL
deuterium depleted water containing 25 ptL t-BuOH and analyzed by 2H NMR (28,437
scans).Integration of the resonances at 8 1.27 (t-BuOH), 4.25, and 6.42 yield a 31%
enrichment at H-4' and 8% enrichment at H-2'.
Enzyme Incubation #2
Mycelia (20 mL) from two 400 mL fermentation were suspended in D20 buffer (80
mL) and disrupted by sonication to yield CFE (100 mL). Half of the CFE was boiled for
10 min and then cooled on ice. Cytosinine (13.5 mg) and PLP (0.54 mg) were added to
each of two flasks. One flask received CFE (25 mL) and the other received boiled CFE
(25 mL). These were incubated for 2 h at 30 °C with occasional gentle swirling. The
remaining aliquot of CFE or boiled CFE was added and the mixtures incubated overnight.
TCA (25 mL, 30 %) was added to each and worked up in the standard fashion.The
active CFE experiment yielded 5.2 mg of cytosinine, pure by 'H NMR, while the boiled
control yielded 19 mg of impure cytosinine that was further purified by repeated
chromatography on S-Sepharose (1-1', 1.3 x 30 cm), washing first with H2O and then
eluting with 3% pyridine yielding 4.5 mg of pure cytosinine. 2H NMR (23,950 scans, 4.7
mg) showed resonances at 6 4.25, and 6.42 only for the sample referred from the
incubation with active CFE. Integration of these peaks relative to the t-BuOH indicated
enrichments of 36% and 10%, respectively.Positive ion FAB-MS of the labeled
cytosinine showed the following ions [M+1]+ 53.4%, [(M+1)+1]+ 34.1%, [(M +1) +2]+72
12.5%; those observed for a sample at natural abundance were [M+1]+ 78.3%,
[(M+1)+1]+ 16.5%, [(M+1)+2]+ 5.2%. These percentages are relative to each other, not
relative to the abundance usually used to report MS data.For the labeled cytosinine,
distribution of do, d1, d2 were calculated as 66%, 28%, and 6%, respectively, after
considering the natural abundance distribution.
Enzyme Incubation #3
Mycelia (30 mL) from 4 x 200 mL fermentation were suspended in D20 buffer (80
mL) and disrupted by sonication to yield CFE (110 mL). The protease inhibitor PMSF (1
mM) was included before sonication. Half the CFE was centrifuged at 13,000 x g for 15
min. The pellet (5 mL) was resuspended in 1320 buffer (50 mL, 1 mM PMSF) and is
referred to as pellet 1. The supernatant was further centrifuged at 80,000 x g for 1.5 h.
The pellet (1 mL) was also resuspended in D20 buffer (54 mL, 1 mM PMSF) and is
referred to as pellet 2. Cytosinine (13 mg) and PLP (0.5 mg) was added to each of four
flasks. One half of each of the four enzyme preparations were added to each flask. These
were then incubated for 2 h at 30 °C with occasional gentle swirling.The remaining
halves of enzyme preparations were added and the mixtures incubated overnight. TCA
(25 mL, 30%) was added to each and worked up in standard fashion.The cytosinine
isolated was checked by 11-1 NMR spectra for purity. 2H NMR spectra were measured for
the level of deuterium enrichments and these are summarized in Table 4.1.
Table 4.1. Data to demonstrate the solubility of cytosinine:PLP tautomerase
supernatantpellet 1pellet 2crude CFE
cytosinine isolated (mg) 8.5 7.0 8.0 2.0
cytosinine used for 2H NMR (mg) 5.0 5.0 5.7 1.8
Enrichment at H-4' (%) 25 9 not obs. 16
Enrichment at H-2' (%) 8 2 not obs. 473
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Studies of 4'-Keto Intermediates
Introduction
75
The next intermediate in the BS biosynthetic pathway after CGA is expected to be
4'-keto-CGA (27) (see Chapter I Figure 1.17) and it is likely the only non-enzyme-bound
intermediate between CGA and cytosinine. To determine if 27 is truly an intermediate
and to also detect CGA oxidoreductase and C-3' dehydrase activity, 4'-keto-CGA first
needed to be synthesized. 13-Ketoacids can readily undergo thermal decarboxylation, and
it should be possible to prepare 62 in this manner (Figure 5.1). Compound 62 may be an
intermediate in the pentopyranine branch pathway.
HO,C 0
--N)NH,
HObH
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62
Figure 5.1. Thermal decarboxylation of 4'-keto CGA
In order to determine if either compound is a natural metabolite, the HPLC retention
times for 27 and 62 could be determined, and used for comparison to compounds in the
fermentation broth of Streptomyces griseochromogenes. In order to establish the identity
of the oxidation cofactor, CGA and either NAD+ or NADP+ could be incubated in the
presence of S. griseochromogenes CFE and samples analyzed by HPLC. As implied in
Figure 1.17 in Chapter I, 27, the PMP adduct 28, or 29 may be the branch point for the
metabolic matrix. There may be as few as one and as many as three dehydrase activities
required to produce 1, 3 and 8.Available 4'-keto compounds could be incubated with
CFE and fractions obtained from ammonium sulfate fractional precipitation in the
presence of [4'- 3H]PMP.If an active PMP-dependent dehydrase is present, and the76
dehydrase catalyzed reaction is reversible, tritium exchange with the medium should
detectable (Figure 5.2).1-2 The amount of exchange that occured could be measured by
the amount of HTO generated. If activity were observed in the medium, further steps for
protein purification would be assayed for each dehydrase activity to determine how many
enzymes are involved.'
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Figure 5.2. Proposed detection of dehydrase activity
tH
To test these hypotheses, it was desirable to prepare isotopically labeled 27 and
evaluate it as an intermediate for BS biosynthesis by feeding it to S. griseochromogenes.
In the event that 4'-keto CGA were not stable at room temperature, labeled 62 would be
used as an alternate for PPNC biosynthesis.In addition to the detection of dehydrase
activity as mentioned above, compound 62 could also serve as an intermediate to PPNC.
Compound 62, PMP and either NADH or NADPH would be incubated with CFE, and
aliquots analyzed by HPLC for PPNC production. The detection of PPNC would suggest
thatdecarboxylation occursbeforedehydrationinthe PPNC branch pathway.
Alternatively, 62 would be deuterated (H-3' and H-5') by exchange in deuterated
trifluoroacetic acid and administered to cultures of S. griseochromogenes with arginine
hydroxamate and cytosine to promote the production of PPNC. If the 2H NMR of the
resulting PPNC indicated the incorporation of 62, this would also indicate that
decarboxylation likely occurs before dehydration.77
Results and Discussion
Detection of CGA Oxidoreductase
In order to detect CGA oxidoreductase activity which converts CGA to 4'-keto
CGA, CGA andeither NAD+ or NADP+ wereincubatedwith CFE of S.
griseochromogenes.The assays were monitored by HPLC with detection at 275 nm.
However, no expected products or any new peaks were detected in comparison to the
control experiments using either boiled CFE or without addition of cofactors (Figure 5.3).
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,-NH,
HOOH
5
[0]
27
Figure 5.3. Oxidoreductase reaction and the decarboxylation
62
CGA methyl ester was also tested as a potential substrate in an attempt to form an
oxidation product that should not undergo decarboxylation. In the reaction catalyzed by
NAD+-dependent UDP-apiose/UDP-xylose synthase, which converts UDP-glucuronic
acid to UDP-apiose and UDP-xylose through a 4'-keto intermediate, it was found that
UDP-glucuronic acid methyl ester could also be oxidized at C-4' to form a stable 4'-keto
derivative.4-5 However, in this study no similar reaction could be detected.
Synthesis of 4'-Keto-CGA
The synthesis of 4'-keto-CGA that was attempted is outlined in Figure 5.4.
Commercially available D-glucuronic acid-6,3-lactone (37) was protected as the methyl
ester and tetraacetate to give 64.6The coupling of 64 and the TMS protected N-
acetylcytosine (65) has been reported in the literature with a disappointing yield of 15%.7
We were able to double the yield with a modified work-up.HO H
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Figure 5.4. Synthesis of 4'-keto CGA
62
When trying to differentiate the acetyl protecting groups on the sugar portion of 66,
surprisingly, the acetamide on the cytosine moiety was selectively removed in refluxing
methanol to give 67 in 66% yield.The ester groups were not affected under these
conditions. The free amino group was therefore protected as the N-BOC derivative and
then treated with triethylamine in methanol to give 68 in high yield. Reaction of triol 68
with 2,2-dimethoxypropane and a catalytic amount of pyridinium p-toluenesulfonate
(PPTS) gave a 1:1 mixture of the two possible acetonide isomers, which were separated
by repeated silica gel flash chromatography. The structures of the two isomers 69 and 72
could not be determined by 11-1 NMR directly due to the overlapping signals of H-2', H-3'
and H-4' in both cases.Derivatives 73 and 74 were prepared with acetic anhydride in79
pyridine (Figure 5.5) and the chemical shift of the proton on the carbon to which the
acetoxyl group was attached shifted downfield. COSY experiments were used to confirm
the relationship of the protons. Thus, the structures of 73 and 74 were assigned as shown,
which established the identity of isomers 69 and 72.
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Figure 5.5. Derivatization to determine the location of the acetonide
The 2'-hydroxyl isomer 72 could be converted to the 4'-hydroxyl isomer 69 under
the same reaction conditions that were used for their preparation.The desired 4'-
hydroxyl isomer was then oxidized using the Pfitzner-Moffatt procedure8-1° with low
yield to give compound 70 (Figure 5.4) which existed in the enol form.All other
oxidation methods failed to give the desired compound; including using PCC, PDC, PCC
on basic alumina, Swern oxidation,9-1° and Dess-Martin periodinane.11-13Even the
Pfitzner-Moffatt condition was not easily controlled.The major by-product is 75, the
alkylation product of 70. A number of methods have been studied to break the enol ether,
but all attempts failed.Conditions to minimize this by-product were tried, including
controlling the amount of DMSO used, and use of different solvents, but all ended in
failure.Moreover, by-product 75 behaved like the desired product 70 on silica gel
chromatography. Both 70 and 75 had identical Rf values on TLC making the reaction
nearly impossible to monitor.80
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Figure 5.6. Structure of oxidation by-product
A common side reaction in oxidations using activated DMSO is alkylation of the
hydroxyl group of the starting material.Thus, the formation of 75 probably occurred
through the same mechanism but involving the hydroxyl group of the oxidation product
instead of the starting material. Treatment of 70 with neat trifluoroacetic acid gave the
impure 4'-keto-CGA methylester,71,as determined by 'H NMR, decoupling
experiments, and high-resolution FABMS.Unfortunately, 71 was unstable to further
purification, and even decomposed to some complicated products in the NMR tube.
To find a mild method to cleave the methyl ester, the use of pig liver esterase was
tried on compound 69 in a phosphate buffer at neutral pH. This led to the formation of 76
in good yield (Figure 5.7).1415 One problem with the formation of 76, however, was that
the trans acetonide was also removed in about 20% of the final product as shown in the
'H and 13C NMR spectra. This was probably due to the acidity of the free carboxylgroup
during the work-up. Oxidation of compound 76 to the corresponding ketone was tried
using PCC, but no oxidation product was observed.
69
Pig liver esterase
Figure 5.7. Ester hydrolysis of 69 with pig liver esterase81
Synthesis of Cytosvl- 4'- ketoxylose
After the unsuccessful attempts for synthesis 4'-keto-CGA, attention was directed
toward the synthesis of compound 62 directly instead of from the thermal decarboxylation
of 27 (Figure 5.8). A similar strategy was used which started from D-xylose (77). As was
first demonstrated in the synthesis of intermediate 67, methanolysis of amide 79 worked
well to give the free amino compound 80.Protection of the free amine with the BOC
group and deprotection of the hydroxyl groups afforded compound 81.Triol 81 was
protected as the 2',3'-acetonide 82 and its regioisomer the 3',4'-acetonide in a 3:2 ratio.
Although the structures of the two isomers could be determined directly from 11-1-1H
COSY and 1H-11-1 decoupling NMR experiments in this case, the separation of the two
turned out to be more difficult.Repeated long silica gel columns were necessary to
obtain pure 82.
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Figure 5.8. Synthesis of cytosyl- 4'- ketoxylose82
The oxidation of the BOC and acetonide protected 4'-hydroxyl compound 82 under
thePfizner-Moffatt condition yielded complex products which were not further
characterized.Oxidationusing tetrapropylammonium perruthenate (TPAP) was
attempted but gave an unexpected product 85 in only 8% yield(Figure 5.9).This
reaction was repeated without improvement of the yield. The formation of 85 could be
easily explained by isomerization via the enolization of the ketone to release the strain
from the trans acetonide.
N.H BOC
82 85
NHBOC
Figure 5.9. TPAP oxidation with product isomerization
The oxidation will result in a change from a spa carbon center to a sp2 center which
introduces more strain to an already strained system caused by the trans acetonide. This
might be the reason that the oxidation was difficult to achieve. To release the strain from
the trans acetonide, other protective groups were used in replacement of the acetonide.
Bu2SnO/TESC1 has been reported to selectively protect the 4-hydroxyl position.I6
However it failed to selectively protect the 4'-hydroxy group in our case probably because
the BOC group of 81 was thermally removed while the reaction was refluxing in a
mixture of benzene and toluene. The acetonide of 86 was removed after acetylation of
the 4'-hydroxyl group and protection of resulting diol 87 with benzyl bromide using silver
oxide'7and potassium t-butoxide conditions was attempted, but no reaction occurred
(Figure 5.10).Finally, two BOC groups were put on in a reasonable yield. The acetyl
group was removed by methanolysis to yield 89, which was then ready for the oxidation.
Indeed, the TPAP oxidation was fast without the strain from the trans acetonide.
Unfortunately, the oxidation was followed by elimination to form the a,(3- unsaturated
ketone 90.HO1'.
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Figure 5.10. Attempts to synthesize 62 by various protecting groups
EtsN
45%
Other oxidation methods gave the same product, including the Pfizner-Moffatt
conditions. PCC or TPAP alone (without NMMO). It appears that the BOC protected
hydroxyl is a good leaving group.Evidently, the enolization of the ketone facilitated
elimination as shown in Figure 5.11.
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Figure 5.11. Elimination mechanism helped by the 4'-carbonyl group
While searching for different protecting groups which would facilitatethe
oxidation, we found that the oxidation could be achieved using Dess-Martin periodinane
on the original acetonide 83. The oxidation yielded two compounds, one was the 4'-keto84
derivative and the other was the hydrated form of the keto derivative. These compounds
were inseparable bysilicagelchromatography due totheirinterconversionas
demonstrated by two-dimensional TLC. Treating this material with trifluoroacetic acid in
dichloromethane yielded a complicated mixture as indicated by 11-1NMR recorded in 134)
(Figure 5.12). While this was initially disappointing, surprisingly the mixture converted
to a single compound when the 11-1 NMR of the same NMR sample in D20 was recorded
days later. This compound (84) was determined to be a dimer of the 4'-keto compound
62 (Figure 5.8). The dimerization was found to proceed to completion in about 4 h in
water (Figure 5.13).
Feeding Deuterium Labeled Cvtosvl- 4'- ketoxvlose
Nonetheless, we tried to label compound 62 and feed it to S. griseochromogenes.
Compound 62 could not be labeled in deuterated trifluoroacetic acid even under refluxing
conditions.The deuterium exchange was eventually achieved in deuterated methanol
under basic condition (triethylamine). The dimerization of 62 was found to be a slow
process in methanol. The enrichments were about 50 % for C-3' and C-5', as estimated
from a 13C NMR spectrum.
Feeding experiments were carried out in complex medium. Arginine hydroxamate
and cytosine were added at 50 h after inoculation.Labeled 62 (160 mg) was added in
three pulses at 52, 64 and 76 h. PPNC was purified as described early in Chapter II, and
acetylated with pyridine/acetic anhydride.The resulting triacetyl PPNC (41c) showed
deuterium enrichments of 0.15 % and 0.21 % for the 5' and 4' positions, respectively,
whereas the deuterium at the 3' position was lost as demonstrated by 2H NMR
spectroscopy (Figure 5.14).In order to confirm that the deuterium was not from minor
impurities highly enriched in deuterium, a derivative of triacetyl PPNC was prepared.
Diacetyl PPNC (91a) was prepared by refluxing triacetyl PPNC in methanol, and
purifying by silica gel chromatography (Figure 5.15).The 2H NMR spectrum of this
derivative showed enrichments of 0.10% and 0.17% for position 5' and 4', respectively
(Figure 5.16).Although the enrichment levels of the two PPNC derivatives are notr r -r- r,, .r -r-i-r -,,r-r---- - , 1" ,-,-T-'--T-1" "` '",-1 ''''' T ---r-1-,-,-,-","1-'-' " 1'-
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Figure 5.12. 1H NMR of a mixture from TFA treatment of 83
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Figure 5.14. 211 NMR of triacetyl PPNC, 41c88
identical, they are close if experimental errors are considered. This result demonstrated
that the deuterium labels are in the molecules instead of in some minor impurities.
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Figure 5.15. Derivatization of PPNC to confirm the enrichments
91a
The feeding experiment was repeated using a greater amount of labeled 62. The
resulting tracetyl PPNC (41d) showed enrichments of 0.37% and 0.52% for position 5'
and 4', respectively. These results indicate that cytosyl- 4'- ketoxylose is incorporated into
PPNC, and suggesting that decarboxylation occurs before dehydration in the biosynthesis
of PPNC as shown in Figure 5.17. An alternate route may be through decarboxylation
after the formation of the Schiff base. The enrichment at position 4' may give important
information about the enzymatic reduction of the carbonyl group, however, more studies
are needed to explain this finding.Nonetheless, these experiments support the
intermediacy of the 4'-keto CGA in the BS biosynthesis.7.0 6.5 6.0 5.5 5.0 4.5 4.0 3,5 3.0 2.5
PPM
Figure 5.16. 214 NMR of diacetyl PPNC, 91a
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Figure 5.17. Possible biosynthetic pathway to PPNC (8)
9091
Summary
Although the synthesis of compound 14 turned out to be an obstacle, the discovery
of the methanolysis of the amide may have significant use in the synthesis of other
cytosine nucleosides because of its mild condition.The synthesis of cytosy1-4'-
ketoxylose provided an alternate approach to study the biosynthetic matrix. However, the
unexpecteddimerization madetheplannedinvestigationdifficulttoperform.
Nevertheless, the synthesis of these compounds provided useful information in regard to
the protection and deprotection of sugars. In addition to supporting the involvement of a
4'-keto intermediate in the biosynthesis of BS, the feeding experiments have helped
clarify the order of decarboxylation and dehydration in the biosynthetic pathway leading
to PPNC. Additionally, a new question was raised pertaining to the enrichment at the 4'
position which may be quite interesting since it may involve hydride transfer in the
process.92
Experimental
General
General procedures have been described in previous chapters. All chemicals were
purchased from Aldrich and used without further purification. Preparation of a cell-free
extract of Streptomyces griseochromogenes was described in Chapter 4, as were the
conditions for enzymatic incubation and HPLC analysis.
Methyl Tetraacetyl Cytosylglucuronate (66)
A mixture of N-acetylcytosine (6.12 g) and (NH2)4SO4 (6 mg) in hexamethyl-
disilazane (60 mL) was stirred and heated to reflux. Once the reaction mixture became
clear (2.5 h), it was cooled to room temperature, and the excess hexamethyldisilizane
removed by evaporation using a mechanical pump. The resulting residue was dissolved
in 1,2-dichloroethane (200 mL) and added to a solution of methyl tetra-0-acety1-13-D-
glucopyranuronate (64) (14g,prepared accordingliterature procedure.)6in1,2-
dichloroethane (100 mL).To the stirred mixture was added SnC14 (10 mL) and the
mixture was stirred overnight at room temperature, and then heated to reflux for 1 h. The
cooled mixture was poured into saturated NaHCO3 solution (500 mL). When the frothing
ceased, the suspension was filter through a celite pad, which was then washed with
CH2C12 (1 L).The celite pad was washed with acetone (4 L) until no UV active
compounds eluted.The acetone was ,removed, and water (200 mL) was added to the
residue and sonicated. Filtration of the mixture yieled the tittle compound 6.45 g (37%
yield). IR (KBr) 3444, 1753, 1659. 1492, 1231, 1046 cm* 1H NMR (300 MHz, DMSO-
d6) 10.89 (s, exch., 1H), 8.36 (d, J = 7.6 Hz, 1H), 7.20 (d, J = 7.6 Hz. 1H), 6.30 (d, J =
9.3 Hz, 1H). 5.64 (t, J = 9.5 Hz, 1H), 5.46 (t. J = 9.3 Hz, 1H), 5.27 (t, J = 9.8 Hz, 1H),
4.79 (d, J= 9.9 Hz, 1H), 3.63 (s, 3H), 2.11 (s, 3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.87 (s,
3H).13C NMR (75 MHz, DMSO-d6) 171.2. 169.4, 169.3. 169.0, 166.8, 162.7, 154.3,
146.4. 96.3, 80.0, 72.8, 71.2, 70.0, 68.4. 52.5, 24.4, 27.3 (2C), 20.0. HRMS (FAB):
found m/z 470.1412 [M+H]r, calcd for C19H24N3011 m/z 470.1411.93
Methyl 2',3',4'- O- Triacetvl CytosvIglucuronate (67)
Tetraacetate 66 (4.0 g) in 500 mL Me0H was heated to reflux for 5 days, and then
cooled to room temperature and filtered. The filtrate was evaporated to a small volume
(-50 mL), then heated to dissolve the remainder of the material. The resulting solution
was then cooled to room temperature and the resulting crystals were filtered, washed with
a small amount of cold Me0H and dried in a pistol to obtain 1.95 g of the desired
compound. IR (KBr) 3403, 1746, 1671, 1376, 1219, 1034 cm
1.'H NMR (300 MHz,
DMSO-d6): 7.82 (d, J = 7.5 Hz, 1H), 7.32 (s, exch., 1H), 7.23 (s, exch., 1H), 6.19 (d, J =
9.3 Hz, 1H), 5.73 (d, J = 7.4 Hz, 1H), 5.55 (t, J = 9.0 Hz, 1H), 5.39 (t, J = 9.4 Hz, 1H),
5.21 (t, J= 9.6 Hz, 1H), 4.70 (d. J= 9.9 Hz, 1H), 3.62 (s, 3H), 1.99 (s, 3H), 1.97 (s, 3H),
1.87 (s, 3H).13C NMR (75 MHz, DMSO-d6): 169.4, 169.3, 168.9, 167.0, 165.4, 154.6,
141.8, 95.0, 80.0, 72.7, 71.6, 69.5, 68.6, 52.4, 20.3 (2 carbons), 20.1. HRMS (FAB):
found m/z. 428.1303 [M+Hr, calcd for C17H22N3010 428.1301.
Methyl N-B0C-2',3',4'-0-Triacetyl CytosvIglucuronate
The triacetate 67 (3.0 g) and (BOC)20 (6.0 g) was dissolved in THE (500 mL).
Triethylamine (0.5 mL) was added, and the mixture heated to reflux for 8 h. The solvent
was removed, and the residue was dissolved in a small amount of CHC13 and loaded onto
a silica gel flash column. The column was washed with CHC13 to elute excess (BOC)20,
then with CHC13 /EtOAc (1:2). Fractions containing the product were combined and the
solvent removed to afford 3.08 g of desired compound. IR (KBr) 1752, 1678, 1492,
1233, 1153 cm'. 'H NMR (300 MHz, CDC13): 7.76 (d, J= 7.7 Hz, 1H), 7.42 (s, exch.,
1H), 7.30 (d, J = 7.7 Hz, 1H), 6.18 (d, J = 9.5 Hz, 1H), 5.48 (t, J = 9.4 Hz, 1H), 5.28 (t, J
= 9.8 Hz, 1H), 5.19 (t, J = 9.4 Hz, 1H), 4.27 (d, J = 9.9 Hz, 1H), 3.75 (s, 3H), 2.06 (s,
3H). 2.05 (s, 3H), 2.03 (s, 3H), 1.51 (s, 9H). 13C NMR (75 MHz, CDC13): 169.9, 169.6 (2
carbons), 166.6, 154.9, 150.9, 143.8, 96.4, 83.4, 81.0, 75.0, 72.1, 70.2, 69.4, 53.2, 28.2,
20.6 (2 carbons), 20.5.HRMS (FAB): found m/z 528.1831 [M+Hr, calcd for
C22H301\13012 m/z 528.1833.94
Methyl N-BOC Cvtosylglucuronate (68)
The triacetate (3.0 g) was dissolved in 150 mL of Me0H and Et3N (0.5 mL) was
added. After stirring at room temperature for 6 days, the solvent removed and CHC13 (30
mL) was added to dissolve the residue.Crystals that formed while sitting for several
hours were collected, washed with CHC13 and dried over the pistol to obtain 1.91 g of 68.
IR (KBr) 3421, 2980, 1753, 1724, 1683, 1654, 1503, 1237, 1150, 1092 cmI. IH NMR
(400 MHz, DMSO-d6): 10.42 (s, exch., 1H), 8.07 (d, J = 7.6 Hz, 1H), 7.02 (d, J = 7.5 Hz,
1H), 5.59 (d, J = 9.5 Hz. 1H). 5.47 (s. exch., 1H), 5.44 (s. exch., 1H), 5.42 (s, exch., 1H),
3.94 (d, J = 9.3 Hz, 1H), 3.66 (s, 3H), 3.55 (m,1H), 3.45 (m, 2H), 1.46 (s, 9H).13 C
NMR (300 MHz, DMSO-d6): 168.8, 163.0, 154.8, 152.1. 145.6, 95.1, 83.6, 81.1, 77.8,
76.3, 71.2, 70.6, 52.0, 27.8. HRMS (FAB): found m/z 402.1512 [M+H]+, calcd for
Ci6H24N309 m/z 402.1512.
Methyl Acetonide N-BOC Cytosvlglucuronate (69 & 72)
Triol (68) (4.0 g) was dissolved in acetone (200 mL), PPTS (150 mg) and the 2,2-
dimethoxypropane (60 mL) was added, and the resulting mixture heated to reflux
overnight. Once cooled to room temperature, the solvent was removed. The residue was
dissolved in CH2C12, loaded onto a silica gel flash column (slurry packed in CH2C12). and
the column was eluted with CH2C12/Acetone (7:3). The 4'-hydroxyl isomer eluted from
the column first followed by the 2'-hydroxyl isomer.Similar fractions were combined
and solvents removed to afford pure 4'-hydroxy isomer (0.9 g) and 2'-hydroxyl isomer
(0.32 g), as well as a mixtured fractions (1.34 g). For the 4C-hydroxyl isomer (69): IR
(KBr) 3426, 2986, 1747, 1671, 1497, 1231, 1150, 1075 cm'. NMR (300 MHz,
DMSO-d6): 10.50 (s, exch., 1H), 8.15 (d, J = 7.7 Hz, 1H), 7.05 (d, J = 7.5 Hz, 1H), 6.06
(d, J = 8.7 Hz, 1H), 5.96 (d, J = 5.2 Hz, exch., 1H), 4.05 (d, J = 8.2 Hz, 1H), 3.89 (m,
1H), 3.69 (s, 3H), 1.46 (s, 9H), 1.39 (s, 3H), 1.37 (s, 3H). I3C NMR (75 MHz, CDC13):
169.4, 163.1, 155.1, 151.2, 143.4, 113.0. 96.4, 83.4, 82.1, 80.8. 78.1, 74.6, 71.2,
53.3,28.2, 26.9, 26.5. HRMS (FAB): found m/z 442.1823 [M+H]+, calcd for C19H28N309
m/z 442.1821. For the 2 '-hydroxyl isomer (72): IR (KBr) 3426, 2986, 1747, 1660, 1498,
1231, 1150, 1086 cm-I. 'H NMR (300 MHz, CDC13): 7.80 (d, J= 7.6 Hz, 1H), 7.33 (d, J95
= 7.6 Hz, 1H), 5.92 (d,J= 8.2 Hz, 1H), 4.41 (d,J= 9.7 Hz, 1H), 3.95 (t,J= 9.6 Hz, 1H),
3.85 (t, J= 8.9 Hz, 1H), 3.82 (s, 3H), 3.62 (t. J= 9.4 Hz, 1H). 1.51 (s. 12H), 1.49 (s, 3H).
13C NMR (75 MHz, CDC13): 168.0, 163.1, 156.3, 151.2, 144.4, 113.4. 96.8, 85.0, 83.2,
81.4, 75.5, 75.3, 73.0, 53.0, 28.2, 27.0, 26.6. HRMS (FAB): found m/z 442.1823 [M+H] +,
calcd for C19H28N309 m/z 442.1821.
Methyl 2',3'- Acetonide- N- BOC -4'- Keto - Cytosylglucuronate (70)
TFA (22 mg), pyridine (35 mg) and 4'-hydroxyl isomer (69) (170 mg) were
dissolved in 5 mL of anhydrous benzene and 0.2 ml anhydrous DMSO was added under
an argon atmosphere. This mixture was cooled to 0 °C on ice-water bath, then DCC (255
mg) was added and the cooling bath was removed. After stirring for 4 hours at room
temperature, the reaction was quenched with saturated NaHCO3 solution (20 mL) and
extracted with EtOAc (2 x 20 mL). The combined organic layer was washed with brine
(2 x 20 mL), dried over Na2SO4 and filtered. The filtrate was evaporated to dryness and a
small amount of EtOAc was added to the residue, and the insoluble solids were filtered
out. The filtrate was dissolved in CHC13, loaded onto silica gel flash column, and eluted
with EtOAc /Hexane (1:1) to remove the dicyclohexyl urea. The column was then further
eluted with Me0H/CHC13 (1:9).Fractions containing the product were pooled and the
solvent removed to obtain 43 mg impure product. Pure 70 was obtained from another
silica gel flash column eluted with CHC13/MeOH (99:1). The product was found to be in
the enol form. IR (KBr) 3415, 2980, 1747, 1666, 1498, 1231, 1150, 1075 cm-I. 111 NMR
(400 MHz, CDC13): 7.62 (d, J= 7.6 Hz, 1H), 7.30 (d, J= 7.6 Hz, 1H), 5.89 (d, J= 9.6
Hz, 1H), 4.85 (d, J= 5.9 Hz, 1H), 4.44 (dd, J= 9.6, 6.0 Hz, 1H), 3.84 (s, 3H), 1.57 (s,
3H), 1.52 (s, 9H), 1.42 (s, 3H).13C NMR (75 MHz, CDC13):166.9, 163.0, 155.2, 151.2,
150.7, 143.8, 125.2, 112.2, 96.4, 83.3, 81.9, 72.8, 71.5, 52.8, 28.2, 27.8, 25.8. HRMS
(FAB): found m/z 440.1668 [M+H]+, calcd for C19H26N309 m/z 440.1667.
Methyl 4'-Keto-Cytosylglucuronate (71)
Compound 69 (2.0 mg) was dissolved in neat TFA (1 mL). After stirring at room
temperature for 30 min, the reaction mixture was evaporated to dryness and kept under96
vacuum overnight. Although impure, the desired product was the major component. 'H
NMR (300 MHz, DMSO-d6, D70 exch.): 8.10 (d, J= 7.6 Hz, 1H). 6.15 (d, J= 7.6 Hz,
1H), 5.83 (d. J = 8.8 Hz. 1H), 4.22 (d, J = 4.0 Hz, 1H), 4.10 (dd, J= 8.9, 4.1 Hz, 1H),
3.73 (s, 3H). HRMS (FAB): found m/z 300.0833 [M+H] +, calcd for CI IFII4N307 m/z
300.0834.
Methyl 3',4'-Acetonide-21-Acetyl-N-B0C-Cytosylglucuronate (74)
The 2'-hydroxy conpound (72) (1.5 mg) was dissolved in pyridine (1 mL) and acetic
anhydride (1 mL) was added. After stirring for 2 h at room temperature, the solvent was
removed under low pressure. The residue was dissolved in CDC13 and purified by silica
gel chromatography (CHC13:acetone = 8:2) yielding1 mg of pure product. IR (KBr)
3421, 2986, 1747. 1683, 1497, 1231, 1150, 1080 cm-1.'H NMR (300 MHz, CDC13):
7.73 (d, J= 7.6 Hz, 1H), 7.31 (d. J= 7.6 Hz. 1H), 6.05 (d, J= 8.6 Hz, 1H), 5.25 (t, J-
9.4 Hz, 1H), 4.34 (d, 9.6, 1H), 3.91 (t, J= 9.7 Hz, 1H), 3.82 (s, 3H), 3.72 (t, J= 9.2 Hz,
1H), 2.03 (s, 3H), 1.51 (s, 12H), 1.49 (s, 3H).13C NMR (400 MHz, CDC13): 169.8,
167.1, 162.9, 155.0, 150.8, 144.2, 113.7, 96.2, 83.2, 82.3, 78.7, 75.5, 75.2, 71.3, 52.9,
28.0, 26.7, 26.4, 20.6.HRMS (FAB): found m/z 484.1932 [M+H] +,calcd for
C211-130N3010 m/z 484.1933. A 1H-1H COSY experiment confirmed that the starting
material was the 2'-hydroxyl isomer.
Methyl 2', 3'- Acetonide -4'- Acetyl- N- BOC- Cvtosvlglucuronate (73)
The 4'-hydroxy conpound (69) (1.5 mg) was dissolved in pyridine (1 mL) and acetic
anhydride (1 mL) was added. After stirring for 2 hours at room temperature, the solvent
was removed to dryness under low pressure. The residue was dissolved in CDC13 and
purified by silica gel chromatography (CHC13:acetone = 8:2) yielding1.5 mg pure
product. IR (KBr) 3438, 2986, 1747, 1677, 1498, 1231, 1150 cm-1. 1H NMR (300 MHz,
CDC13): 7.68 (d, J 7.7 Hz, 1H), 7.31 (cl, J= 7.6 Hz, 1H), 6.19 (d, J= 9.3 Hz. 1H), 5.36
(dd, J= 9.9, 9.0 Hz, 1H), 4.10 (d, J= 9.0 Hz. 1H), 3.91 (t, J= 9.1, 1H), 3.72 (s, 3H), 3.66
(t, J= 9.2, 1H), 2.12 (s, 3H), 1.51 (s, 9H), 1.46 (s, 3H), 1.45 (s, 3H). 13C NMR (75 MHz,
CDC13): 169.5, 167.0, 162.9, 154.8, 150.9, 143.1, 113.0, 96.2, 83.2, 81.5, 78.5, 76.0,97
74.7, 70.4, 53.0, 28.0, 26.6, 26.3, 20.7. HRMS (FAB): found m/z 484.1932 [M+H]+,
calcd for C2II-130N3010 m/z 484.1933. A 1H-1H COSY experiment confirmed that the
starting material was the 4'-hydroxyl isomer.
Alkylation By-product 75
The 4'-hydroxyl isomer (69) (400 mg) was dissolved in 5 mL anhydrous benzene
and 5 mL anhydrous DMSO under argon atmosphere.To this mixture was added a
solution of TFA (51 mg) and pyridine (61 mg) in benzene (1 mL) followed by DMSO (1
mL).This mixture was cooled to 0 °C on a ice-water bath, then DCC (580 mg) in
benzene (5 mL) was added dropwise. The cooling bath was removed, and after stirring
for 15 h, the reaction was quenched with saturated NaHCO3 solution (50 mL).The
resulting mixture was extracted with EtOAc (2 x 50 mL) and the combined organic layer
was washed with brine (2 x 50 mL), dried over Na2SO4 and filtered.The filtrate was
evaporated to dryness and a small amount of EtOAc added to the residue.Insoluble
solids were filtered off and the filtrate dissolved in CHC13. The resulting solution was
loaded onto a silica gel flash column and eluted with EtOAc /Hexane (1:1) to remove the
dicyclohexyl urea. The column was then further eluted with Me0H/CHC13 (1:99). Those
fractions containing product were combined and the solvent removed to afford 135 mg of
70. IR (KBr) 3421, 2986, 2940, 1747, 1659. 1498, 1237, 1150, 1086 cm-1.11-1 NMR
(300 MHz, CDC13): 7.65 (d, J= 7.6 Hz, 1H), 7.26(d, J= 7.6 Hz, 1H), 6.64 (d, J= 9.9 Hz,
1H), 5.25 (d, J= 11.8 Hz, 1H), 5.17 (d, J= 11.8 Hz, 1H), 4.71(d, J= 8.7 Hz. 1H), 4.13 (t,
J = 9.3 Hz, 1H), 3.69 (s, 3H), 2.18 (s, 3H), 1.43 (s, 12H), 1.41 (s, 3H).13C NMR (75
MHz, CDC13):163.2s, 161.2s, 151.3s, 143.3s. 143.1d. 131.0s, 116.1s, 96.5d, 82.9s, 82.0d,
76.7d, 76.2t,73.9d 52.0q, 28.0q, 26.7q, 26.5q, 14.5q. HRMS (FAB): found m/z 500.1704
[M+H] +, calcd for C211-130N309S m/z 500.1705.
2', 3'- Acetonide- N- BOC- Cytosvlglucuronate(76)
To a solution of 100 mg pig liver esterase (crude) in 60 mL Mcllvaine buffer was
added the methyl ester 69 (50 mg) and the solution was kept in a 30 °C water bath for 10
h with occasionally shaking. The reaction mixture was extracted with EtOAc (2 x 5098
mL), with the help of centrifugation.The aqueous layer was adjusted to pH = 4 and
extracted with EtOAc (4 x 50 ml). The combined acidic extracts were washed with brine
(50 mL), dried over Na2SO4 overnight and filtered.The filtrate was evaporated to
dryness at room temperature and then left on the vacuum line overnight to yield 34 mg of
the desired compound. 'H NMR (300 MHz, DMSO-d6): 11.5 (br, exch., 1H), 8.15 (d, J=
7.7 Hz, 1H), 7.05 (d, J= 7.6 Hz, 1H), 6.02 (d, J= 8.6 Hz, 1H), 3.88 (m, 2H), 3.82 (m,
2H), 1.46 (s, 9H), 1.39 (s, 3H), 1.37 (s, 3H).13C NMR (300 MHz, DMSO-d6): 169.2,
163.4, 154.2, 152.0, 144.9, 110.7. 95.5, 81.3, 81.2, 80.3, 78.9, 73.1, 70.1. 27.8, 26.6, 26.3.
HRMS (FAB): found m/z 428.1670 [M+Hr, calcd for Ci8H26N309 m/z 428.1671.
Tetraacetyl-D-xylose (78)
The title compound was prepared according to the literature procedure6 from D-
xylose. The product was a mixture of a and 13 isomers and was used without separation.
Tetraacetyl Cytosylxylose (79)
A mixture of N-acetylcytosine(4.7g) and ammonium sulfate(5 mg) in
hexamethyldisilazane (50 mL) was stirred and heated to reflux.When the reaction
became clear (3h), the mixture was cooled to room temperature and the excess
hexamethyldisilazane removed under high vacuum. The residue was dissolved in 1,2-
dichloroethane (200 mL) and added to a solution of D-xylose tetraacetate (78) (20 g) in 1,
2-dichloroethane (100 mL). To this stirred mixture was added tin tetrachloride (8 mL),
and the mixture was stirred overnight at room temperature. The reaction was terminated
by pouring the mixture into a saturated aqueous NaHCO3 solution (500 mL). When the
frothing ceased, the suspension was filtered through a celite pad, which was then washed
with CH2C12 (500 mL). The filtrate and washings were combined and the organic layer
was separated, washed with brine, and dried over Na2SO4. The solvent was evaporated to
a small volume (-40 mL), and stored in the refrigerator. The crystals that formed were
collected and dried to give 1.08 g of the product. A second crop gave 0.92 g of the
product. The celite pad was then washed with acetone and the early washings (400 mL)
evaporated to dryness.Water (200 mL) was added to the residue and extracted with99
EtOAc (3 x 200 mL).The extract was dried (Na2SO4) and evaporated to dryness.
Acetone (40 mL) was added to the residue (8.2 g) and sonicated. The insoluble powders
were collected and dried to give 1.01 g of the product. The later acetone washings (1500
mL) were evaporated to dryness. Water (200 mL) was added to the residue and this was
extracted with EtOAc (3 x 200 mL). The extract was washed with brine, dried (Na2SO4)
and evaporated to dryness to give 3.2 g of product. Total yield of purified product was
6.21 g (49%).IR (KBr) 1741, 1665, 1567, 1486, 1231 cm-1.'H NMR (300 MHz,
DMSO-d6): 10.88 (s, exch., 1H) 8.31 (d, J = 7.7 Hz, 1H), 7.18 (d, J = 7.7 Hz, 1H), 6.07
(d, J = 9.1 Hz, 1H), 5.49 (t, J = 9.4 Hz, 1H), 5.35 (t, J = 9.2 Hz, 1H), 5.13 (td, J = 10.3,
5.7 Hz, 1H), 4.02 (dd, J = 11.0, 5.5 Hz, 1H), 3.78 (t, J = 10.9 Hz, 1H), 2.10 (s, 3H), 2.00
(s, 3H), 1.99 (s, 3H), 1.86 (s, 3H).13C NMR (75 MHz, DMSO-d6): 171.18, 169.61,
169.46, 169.13, 162.62, 154.32, 146.32, 96.06, 80.91, 71.70, 70.48, 67.99, 64.10, 24.42,
20.47, 20.33, 20.04. HRMS (FAB): found m/z 412.1354 [M+H] +, calcd for CI7H2IN309
m/z 412.1356.
2',3',4c0-Triacetyl Cvtosylxvlose (80)
The tetraacetate 79 (3.3 g) in Me0H (300 mL) was heated to reflux for 5 days and
then cooled to room temperature. The mixture was concentrated to a small volume (-50
mL), celite was added, and the mixture evaporated to dryness. The residue was loaded
onto a silica gel flash column (3.5 x 16 cm) and eluted with EtOAc to recover unreacted
starting material (0.9 g).The column was then eluted with EtOAc /MeOH (8:2).
Fractions containing the product were pooled and evaporated to dryness. A total of 1.8 g
of product was obtained with an isolated yield of 61% (84% based on the recovery of
starting material). IR (KBr) 1753, 1654, 1492, 1376, 1231 cm-1.'H NMR (300 MHz,
DMSO-d6): 7.79 (d, J = 7.5 Hz. 1H), 7.30 (s, exch., 1H), 7.22 (s, exch., 1H), 5.95 (d, J =
9.1 Hz, 1H), 5.70 (d, J = 7.5 Hz, 1H). 5.41 (t, J = 9.5 Hz, 1H), 5.29 (t, J = 9.3 Hz, 1H),
5.07 (td, J = 10.3, 5.5 Hz. 1H), 3.96 (dd, J = 11.1, 5.5 Hz, 1H), 3.68 (t, J = 10.8 Hz, 1H),
2.00 (s, 3H), 1.98 (s, 3H), 1.86 (s, 3H). 13C NMR (75 MHz, DMSO-d6): 169.62, 169.46,
168.98, 165.42, 154.72, 141.74, 94.69, 80.52, 72.08, 69.09, 68.15, 63.98, 20.48, 20.34.
20.10. HRMS (FAB): found m/z 370.1249 [M+H]+, calcd for C15H19N308 m/z 370.1250.100
N -BOC- 2',3',4' -O- Triacetyl Cytosylxylose
To a solution of triacetate 80 (2.0 g) and (BOC)20 (4.0 g) in THE (250 mL) was
added Et3N (0.5 mL) and the mixture was heated to reflux overnight. The mixture was
cooled to room temperature and the solvent removed to dryness. The resulting residue
was dissolved in CHC13 and loaded onto a silica gel flash column. The column was
eluted with CHC13 to elute the excess (BOC)20, and then eluted with CHC13/Et0Ac
(1:2). Fractions containing the product were combined and evaporated to dryness to give
2.49 g of solid (98% yield).IR (KBr) 3420, 1755, 1741. 1677, 1503, 1225 cm*
NMR (400 Hz, DMSO-d6): 10.36 (s, exch., 1H), 8.25 (d, J = 7.6 Hz, 1H), 6.99 (d, J=7.5
Hz, 1H), 6.04 (d, J= 9.2 Hz, 1H), 5.46 (t,J= 9.4 Hz, 1H), 5.34 (t,J= 9.2 Hz, 1H), 5.13
(td,J= 10.5, 5.6 Hz, 1H), 4.02 (dd,J= 11.1, 5.6 Hz, 1H), 3.76 (t, J = 10.9 Hz, 1H), 2.01
(s, 3H), 1.99 (s, 3H), 1.86 (s, 3H), 1.45 (s, 9H).13C NMR (100 MHz, DMSO-d6):
169.60,169.46, 168.12, 163.21, 154.14,151.97,145.63, 95.07, 81.25, 80.82, 71.73,
70.41,67.99, 64.08, 27.74, 20.48, 20.33,20.04.HRMS (FAB): found m/z 470.1773
[M+H]+, calcd for C20H27N3010 m/z 470.1774.
N-BOC Cytosylxvlose (81)
To a solution of the N -BOC- 2',3',4' -O- Triacetyl Cytosylxylose (2.3 g) in 250 ml
Me0H was added Et3N (0.5 mL) and the mixture refluxed overnight. Once cooled to
room temperature, the solvent was evaporated to dryness, the residue dissolved in CHC13,
and loaded onto a silica gel flash column. The column was eluted with EtOAc to remove
some impurities and then eluted with EtOAc /MeOH (8:2). Fractions containing product
were pooled and evaporated to dryness. A total of 1.47 g of product was obtained (88%
yield). IR (KBr) 3450, 3259, 2986, 1747, 1683, 1625, 1503, 1238, 1153, 1062 cm* 'H
NMR (300 MHz, DMSO-d6): 10.36 (s, exch., 1H), 8.02 (d, J = 7.6 Hz, 1H), 6.99 (d,J=
7.5 Hz, 1H), 5.43 (d,J= 9.3 Hz, 1H), 5.29 (d, J= 5.6 Hz, exch., 1H), 5.25 (d,J= 4.4 Hz,
exch., 1H). 5.09 (d, J = 5.2 Hz, exch., 1H). 3.80 (dd,J= 11.0, 5.3 Hz. 1H), 3.44 (m, 2H),
3.26 (m, 1H), 3.19 (t, J= 10.7 Hz, 1H), 1.45 (s, 9H).13C NMR (75 MHz, DMSO-d6):
162.86, 154.81, 152.11. 145.61, 94.80, 84.12, 81.04, 77.20, 71.22, 69.20, 68.61, 27.76.
HRMS (FAB): found m/z 344.1459 [M+Hr, calcd for C14H21N307 m/z 344.1457.101
2',3'-Acetonide-N-BOC Cytosvlxylose (82)
The triol 81 (100 mg) and a catalytic amount of pyridium p-toluenesulfonate were
dissolved in acetone (15 mL) and 2,2-dimethoxypropane (3 mL) and the mixture heated
to reflux overnight. DMF (5 mL) was added after refluxing for 3 h to improve the
solubility of the starting material. The solvent was removed and the residue was dissolve
in CHC13 and loaded onto a silica gel flash column. The column was eluted with CHC13
to remove some impurities, and then eluted with CHC13/MeOH (97:3).Fractions
containing similar components were pooled and evaporated to dryness. A total of 11 mg
of the 2'-hydroxyl isomer (with greater Rf) was obtained in pure form. Repeated long (25
cm) silica gel flash columns were necessary to obtain pure 4'-hydroxyl isomer (with
lower Rf) with the eluting solvent CHC13 /MeOH (98:2).Finally, 24 mg of 2'-hydroxyl
isomer and 34 mg of 4'-hydroxy isomer were purified with an isolated yield of 21% and
30%, respectively. A total of 43 mg of starting material was recovered.For the 4'-
hydroxyl isomer (82): IR (KBr) 3415, 2983. 2940, 1745, 1665, 1631, 1497, 1237, 1150,
1069 cm-I. 'H NMR (300 MHz, DMSO-d6): 10.47 (s, exch., 1H), 8.11 (d, J = 7.5 Hz,
1H), 7.03 (d, J = 7.5 Hz, 1H), 5.84 (d, J = 8.7 Hz, 1H), 5.55 (d, J = 3.7 Hz, exch., 1H),
3.80-3.96 (m, 2H), 3.72 (t, J = 8.8 Hz, 1H), 3.65 (t, J = 8.4 Hz, 1H), 3.34 (dd, J = 10.7,
9.2 Hz, 1H), 1.45 (s, 9H), 1.36 (s, 6H). I3C NMR (75 MHz, DMSO-d6): 163.27, 154.22,
151.96, 144.88, 110.24, 95.21, 81.53, 81.28, 79.16, 73.60, 69.25, 67.67, 27.73, 26.65,
26.31. HRMS (FAB): found m/z 384.1770 [M+H]
+,calcd for Ci7H26N307 m/z 384.1771.
For the 2'-hydroxyl isomer: IR (KBr) 3429, 2986, 1730, 1658, 1631, 1501, 1241, 1158,
cm-1.
1HNMR (300 MHz, DMSO-d6): 10.34 (s, exch., 1H). 8.11 (d, J = 7.6 Hz, 1H),
7.00 (d, J = 7.2 Hz, 1H), 5.73 (d, J = 5.3 Hz, exch., 1H), 5.49 (d, J = 8.6 Hz, 1H), 4.12
(dd, J = 9.2, 3.3 Hz, 1H), 4.02 (m, 1H), 3.60 (m, 3H), 1.46 (s, 9H), 1.41 (s, 3H), 1.40 (s,
3H).I3C NMR (100 MHz, DMSO-d6): 163.04, 154.85, 152.09, 146.14, 110.93, 94.98,
84.89, 82.02, 81.12, 72.94, 70.06, 65.89, 27.75, 26.77, 26.47. HRMS (FAB): found m/z
384.1772 [M+H]+, calcd for Ci7H26N307 m/z 384.1771.102
Isomerized Product from the TPAP Oxidation (85)
To a stirred solution of alcohol 82 (50 mg) and N-methylmorpholine-N-oxide (23
mg) in CH2CL2 (2 mL) was added 100 mg of 4A molecular sieves followed by TPAP (3
mg) under an argon atmosphere. After stirring at room temperature for 4 h, the reaction
mixture was passed through a silica gel column and eluted with EtOAc. Only 4 mg of
product (8%) was obtained. 'H NMR (300 MHz, DMSO-d6): 10.55 (s, exch., 1H), 8.18
(d, J = 7.5 Hz, 1H), 7.18 (d, J = 7.5 Hz, 1H). 5.60 (d, J = 3.2 Hz, 1H), 4.93 (dd, J = 7.0,
3.3 Hz, 1H), 4.69 (d, J = 7.4 Hz, 1H), 4.28 (d, J = 18.3 Hz, 1H), 4.18 (d, J = 18.3 Hz,
1H), 1.45 (s, 9H), 1.40 (s, 3H), 1.32 (s, 3H).13C NMR (100 MHz, CDC13): 199.10,
163.40, 155.37, 151.17, 145.65, 114.80, 96.07. 88.19, 83.52, 88.15, 74.00, 73.49, 28.22,
26.94, 26.68.
2',3'-Acetonide-4'-Acetyl-N-BOC Cytosylxylose (86)
To alcohol 82 (133 mg) in 3 mL of pyridine was added 3 mL of acetic anhydride
and the mixture stirred for 3 hours at room temperature. The solvents were removed to
dryness, the residue dissolved in CHC13, and the solution loaded onto a flash silica gel
column. The column was eluted with CHC13 /MeOH (99/1) and 142 mg (96%) of product
was obtained. IR (KBr) 2980, 1738, 1670, 1630, 1494, 1232, 1153, 1070 cm-I. NMR
(400 MHz, CDC13): 7.65 (d, J = 7.6 Hz, 1H), 7.28 (d, J = 7.9 Hz, 1H), 6.00 (d, J = 9.2
Hz, 1H), 5.13 (td, J= 9.8, 5.3 Hz, 1H), 4.30 (dd, J= 11.6, 5.3 Hz, 1H), 3.87 (t, J= 9.3 Hz,
1H), 3.57 (t, J = 9.0 Hz, 1H), 3.38 (dd, J= 11.5, 9.6 Hz, 1H), 2.10 (s, 3H), 1.51 (s, 9H),
1.46 (s, 3H), 1.44 (s, 3H).13C NMR (100 MHz, CDC13): 170.12, 162.91, 154, 151,
143.58, 112.62, 96.35, 83.43, 82.63, 78.89, 75.36, 70.02, 66.82, 28.18, 26.81, 26.54,
20.95. HRMS (FAB): found m/z 426.1877 [M+Hr, calcd for C,9H28N308 m/z 426.1876.
4'-Acetyl-N-BOC Cytosylxylose (87)
A solution of acetonide 86 (92 mg) and catalytic amount of pyridinium p-
toluenesulfonate (PPTS) in 10 mL of Me0H/H20 (9/1) was refluxed overnight.The
mixture was evaporated to dryness and the residue chromatographically purified on silica
gel eluting with CHC13 /MeOH (19/1) to afford 43 mg of the product (52% yield).IR103
(KBr) 3474, 2980, 1735, 1664, 1497, 1239, 1153, 1060 cm-1.1H NMR (400 MHz,
DMSO-d6): 10.38 (s, exch., 1H), 8.11 (d, J= 7.6 Hz, 1H), 7.00 (d, J= 7.4 Hz, 1H), 5.45-
5.60 (m, 2 exch., 3H), 4.70 (td, J = 10.3, 5.5 Hz, 1H), 3.89 (dd, J = 5.5, 11.1 Hz, 1H),
3.55-3.65 (m, 2H), 3.36 (t, J= 10.9 Hz, 1H). 2.04 (s, 3H), 1.46 (s, 9H).13C NMR (75
MHz, DMSO-d6): 170.00, 162.94, 154.78, 152.14, 145.64, 90.96, 83.91, 81.13, 73.72,
71.42, 70.88, 64.75, 27.78, 20.81. HRMS (FAB): found m/z 386.1565 [M+H] +, calcd for
C16H241\1308 m/z 386.1563.
4'-Acetyl-2',3'-0-4-N-TriBOC Cvtosylxylose (88)
Diol 87 (150 mg) and excess di-t-butyl-dicarbonate (700 mg) were dissolved in
THE (25 mL), a catalytic amount of potassium t-butoxide was added and the reaction
mixture refluxed for 5 h. The solvent was removed and the residue dissolved in CHC13
and chromatographed on silica gel using CHC13 /MeOH (99/1). A total of 139 mg of the
product (66% yield) was obtained.1H NMR (300 MHz, CDC13): 7.73 (d, J = 7.8 Hz,
1H), 7.34 (d, J 7.7 Hz, 1H), 5.98 (d, J= 9.1 Hz, 1H), 5.19 (t, J= 9.6 Hz, 1H), 5.05 (td,
J= 10.3, 5.5 Hz, 1H), 4.80 (t,J= 9.4 Hz, 1H), 4.25 (dd,J= 6.6, 11.6 Hz, 1H), 3.51 (t, J-
11.2 Hz, 1H), 2.06 (s, 3H), 1.52 (s. 9H), 1.47 (s, 9H), 1.37 (s, 9H). 13C NMR (100 MHz,
CDC13): 169.94, 162, 152,47, 152,39, 151, 145.26, 145.03, 95.68, 84.14, 83.50, 82.33,
74.99, 73.44, 69.00, 65.86, 28.17, 27.81, 27.70, 20.79.
2',3'-0-4-N-TriBOC Cytosylxylose (89)
To a solution of the acetate 88 (563 mg) in Me0H was added a drop of
triethylamine and the mixture heated to reflux for 4 h. After cooling to room temperature,
thesolvent was removed and the residue chromatographed on silicagelwith
CHC13 /MeOH (99/1). A total of 233 mg of product was obtained (45% yield). IR (KBr)
3420, 2980, 2934, 1751, 1630, 1494, 1294, 1150, 1091 cm
1.1H NMR (300 MHz,
CDC13): 7.68 (d,J= 7.6 Hz, 1H), 7.33 (s. exch., 1H) 7.24 (d, J= 7.6 Hz, 1H), 6.03(d, J-
9.2 Hz, 1H), 4.96(t, J= 9.4 Hz, 1H), 4.82 (t, J = 9.4 Hz, 1H), 4.14 (dd, J= 11.6, 5.6 Hz,
1H), 4.97 (m, 1H), 3.55 (t, J= 11.1 Hz, 1H), 3.27 (s, exch., 1H), 1.51(s, 9H), 1.48 (s, 9H),
1.37 (s, 9H).13C NMR (75 MHz, CDC13): 162.97, 155.18, 153.36, 152.60, 151.19,104
144.47, 95.95, 83.63, 83.50, 83.13, 82.06, 79.09, 73.51, 68.74, 68.60, 28.17, 27.81, 27.66.
HRMS (FAB): found m/z 544.2507 [M+H] +, calcd for C241-138N3011 m/z 544.2506.
a,13-Unsaturated Ketone 90
To a stirred solution of the tri-BOC protected alcohol 89 (20 mg) in CH2C12 (2 mL)
was added N-methylmorpholine-N-oxide (10 mg), followed by 50 mg of 4A molecular
sieves.To this stirred mixture was added TPAP (2 mg), and after stirring at room
temperature for 10 min, the reaction mixture was chromatographed a silica gel column
eluting with CHC13 /MeOH (98/2). A total of 9 mg of product was obtained (58% yield).
NMR (300 MHz, CDC13): 7.78 (d, J = 7.6 Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H), 7.00(t, J
= 1.6 Hz, 1H), 6.65(d, J = 1.9 Hz, 1H), 4.50 (d, J = 16.6 Hz, 1H), 4.40 (dd, J = 16.5, 1.6
Hz, 1H), 1.54 (s, 9H), 1.50 (s, 9H). I3C NMR (75 MHz, CDC13): 186.46, 163.43, 154.75,
151.53, 150.01, 145.71, 144.08, 130.44, 96.42, 85.51, 83.53, 79.68, 70.76, 28.22, 27.69.
2',3'-Acetonide-N-BOC Cytosyl- 4'- ketoxylose (83)
A solution of the hydroxyl compound 82 (1.06 g) and 2.2 g of Dess-Martin
periodinane in dichloromethane (100 mL) was stirred at room temperature for 3 h. The
reaction mixture was quenched with saturated aqueous NaHCO3 (250 mL) which
contained Na2S2O3 (5 g), and stirred for 5 min. The mixture was extracted with ether (2 x
300 mL), the combined organic layer was washed with brine (2 x 100 mL), and dried
over Na2SO4. Removal of the solvent yielded the carbonyl compound (1.01 g, 95%).
This compound existed in a 3:1 ratio of the keto and hydrated form. IR (KBr) 3414,
2986, 2934, 1744, 1661, 1627, 1494, 1230, 1148, 1074 cm-I.The minor component
(hydrated form): Ill NMR (400 MHz, CDC13) 7.76 (d, J = 7.6 Hz, 1H), 7.30 (d, J = 7.5
Hz, 1H), 6.04 (d, J = 8.8 Hz, 1H), 3.97 (d, J = 12.4 Hz, 1H), 3.84 (m, 2H), 3.62 (d, J =
12.3 Hz, 1H), 1.49 (s, 9H), 1.44 (s, 3H), 1.43 (s, 3H). The major component (ketone
form): 'H NMR (400 MHz, CDC13) 7.62 (d, J = 7.6 Hz, 1H), 7.29 (d, J = 7.6 Hz, 1H),
5.92 (d, J = 7.7 Hz, 1H), 4.72 (d, J = 16.6 Hz. 11-1). 4.58 (m, 2H), 4.32 (d, J = 16.4 Hz,
1H), 1.50 (s, 9H), 1.48 (s, 3H), 1.46 (s, 3H). HRMS (FAB): found m/z 400.1721105
[M+H] +, calcd for CI7H24N307 m/z 400.1720.13C NMR spectra of this mixture were
recorded, but the signals could not be assigned due to overlap.
Cvtosyl- 4'- ketoxylose (62) and its Dimer 84
To a solution of 83 (100 mg) in CH2C12 (5 mL) was added TFA (5 mL) and this was
stirred at room temperature for 15 min. The solvent was removed yielding a mixture (91
mg) which converted to dimer upon dissolving in water. All NMR data reported below
are for the dimer.11-1 NMR (300 MHz, D20) 7.99 (d, J = 8.0 Hz, 1H), 6.31 (d. J= 8.0
Hz, 1H), 5.67 (d, J= 8.6 Hz, 1H), 3.89 (d, J = 12.4 Hz, 1H), 3.80 (t, J = 8.9 Hz, 1H), 3.77
(d, J = 9.3 Hz, 1H), 3.73 (d, J = 12.4 Hz, 1H). NMR (100 MHz, D20) 160.6, 150.0,
145.9, 97.5, 93.6, 85.5, 77.2, 72.5, 72.0. HRMS (FAB): found m/z 242.0776 [M+H] +,
calcd for C9H12N305 m/z 242.0777. A strong molecular ion was also observed at m/z 483
for the dimer, as were the sodium and potassium adducts at m/z 505 and 521,
respectively. HRMS (FAB): found m/z 483.1475 [M+H] +, calcd for C9Hi2N305 miz
483.1475. HMQC and HMBC spectra were acquired and found to be consistent with the
structure.
Deuterium Exchange
To 4'-keto-cytosylxylose (62) (15 mg) in methanol-d4 (3 mL) was added a drop of
triethylamine and the mixture refluxed for1h.The mixture was cooled to room
temperature and then evaporated to dryness. The residue was dissolved in a small amount
of methanol and 3 drops of TFA were added. Evaporation of the mixture yielded a solid,
a portion of which was dissolved in D20 and the NMR spectra were recorded after 10
hours to estimate the enrichment level.For the feeding experiment, a portion of this
mixture was dissolved in water and immediately added to the fermentation through a
sterile filter.106
Feeding Deuterated Cytosyl- 4'- ketoxylose (62)
Experiment 1
Arginine hydroxamate (2 g/L) and cytosine (1 g/L) were added to a complex
medium fermentation broth (5 x 200 mL) at 50 h after inoculation. Labeled compound
was added at 52 h (60 mg), 64 h (60 mg) and 76 h (40 mg). The fermentation was
harvested at 168 h. PPNC (71 mg) was purified using ion exchange, C18 and silica gel
chromatography as described in Chapter 2.The isolated PPNC was acetylated using
pyridine/acetic anhydride.The resulting triacetyl PPNC (41c) showed a 0.15%
enrichment at the 5' position and 0.21% enrichment at the 4' position. The 2H NMR
sample was prepared by dissolving 52 mg of 41c in 4004 of CHC13.
Diacetyl PPNC (91a)
To triacetyl PPNC (41c) (102 mg) was added Me0H (20 mL) and the solution
refluxed for 72 hours. Removal of the solvent afforded a residue that was repeatedly
chromatographed on silica gel to yield a pure sample of diacetyl PPNC (91a) (58 mg). IR
(KBr) 3420, 3219, 1745, 1714, 1648, 1226, 1072 cm-1 'H NMR (400 MHz CDC13) 7.45
(1H, d, J = 7.6Hz), 5.86 (1H, d, J = 9.3 Hz), 5.79 (1H, d, J = 7.6 Hz), 5.18 (1H, ddd, J =
11.5, 9.5, 5.0 Hz), 5.06 (1H, s), 4.09 (1H, dd, J = 13.3, 1.5 Hz), 3.82 (1H, dd, J = 13.4,
0.9 Hz), 2.38 (1H, m), 2.14 (3H, s), 2.03 (1H, m), 1.98 (3H, s).13C NMR (100 MHz,
CDC13) 170.4, 170.3, 165.7, 156.0, 141.5, 95.3, 83.0, 70.1, 68.3, 66.3, 33.6, 21.4, 21.0.
HRMS (FAB): found m/z 312.1197 [M+H] +, calcd for CI3H18N306 m/z 312.1196. The
enrichments for this diacetate were 0.10% and 0.17% for the 5' and 4' positions,
respectively. The 2H NMR sample was prepared by dissolving 48 mg of the compound in
400 pt of CHC13.
Experiment 2
Arginine hydroxamate (2 g/L) and cytosine (1 g/L) were added to a complex
medium fermentation broth (5 x 200 mL) at 50 h after inoculation. Labeled compound
was added at 52 h (80 mg), 64 h (80 mg) and 76 h (160 mg).Similar work-up and
treatment yielded triacetyl PPNC (41d) (85 mg). Enrichments were 0.37 % and 0.52 %107
for the 5' and 4' positions, respectively. The 2H NMR sample was prepared by dissolving
80 mg of the compound in 400 µL of CHC13.108
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Chapter 6
Self-resistance Mechanism to Blasticidin S in S. griseochromogenes
Introduction
Ever since the British biologist Alexander Fleming discovered the antimicrobial
activity of penicillin produced by a Penicillium sp. fungus in 1928, people have
appreciated that microorganisms can manufacture powerful antibiotics. However, since
antibiotics became readily available in the 1940s, antibiotic-resistant strains of pathogens
began to emerge. By the late 1950s and the 1960s, an explosive search for natural and
synthetic antibiotics eventually yielded more than 100 new drugs, and the medicine
arsenal had enough weapons to conquer most bacterial infections. Many pharmaceutical
manufacturers walked away from antibiotic research in the 1980s, seeing little market for
new drugs when the old ones were working so well, and shifted their research emphasis
to potentially more lucrative areas, such as drugs to treat chronic conditions, e.g. heart
disease and cancer.'
As the costs of antibiotics declined, their use expanded beyond human medicine.
Many of the same drug prescribed for human therapy were widely exploited in animal
husbandry and agriculture, where drugs are often given to livestock for non-medicinal
purpose, e.g. as "growth promoters". More than 40% of the antibiotics manufactured in
the U. S. are given to animals. As a result of heavy use, antibiotics have became an
evolutionary force, selecting for and enhancing the survival of bacterial strains that could
resist them, and antibiotics, in fact, have been the victims of their own success.
Worldwide, many strains of Staphylococcus aureus are already resistant to all antibiotics
except vancomycin. S. aureus is a major cause of hospital-acquired infections. Recently,
strains with poor sensitivity to vancomycin have begun to emerge, and thus moved one
step closer to becoming untreatable by every known antibiotic and to becoming an
unstoppable killer.2-3110
Bacteria can develop a defense against an antibiotic by taking up resistance genes
from other microbes in the vicinity. Resistance genes commonly are carried on plasmids
although they may also occur on the bacterial chromosome. Antibiotics are so potentially
destructive to microorganisms that they threaten to disrupt the metabolism of the
organisms that make them. As a result, many microbes develop mechanisms to protect
themselves from their own antibiotics, a process known as self-resistance.Researchers
have found that most of the acquired resistance genes are identical or very similar to those
found in antibiotic-producing organisms, and suggest that these genes travel from the
producing organism to the ones responsible for infections in humans and animals.In
addition, research has shown that once an organism becomes resistant to certain
antibiotics, it can potentially pass on the resistance to other members of its own species
and even to different species.To understand how resistance genes enable bacteria to
survive an attack by an antibiotic, it helps to know exactly what antibiotics are and how
they harm bacteria.Interestingly, many bacteria possessed resistance genes even before
commercial antibiotics came into use.Scientists do not know exactly why these genes
evolved and were maintained.4
Several self-resistance mechanisms have been found, including inactivation of the
antibiotic, modification of the target site, and efflux pump systems to control membrane
permeability.5 A combination of these mechanisms is not uncommon in drug-producing
Streptomyces.Inactivation of antibiotics in an antibiotic producer is known to be
achieved by N-acetylation,5 O- phosphorylation,' O- glucosylation,6 or O- carbamylation.7
In addition to the antibiotic itself, toxic intermediates involved in the biosynthetic
pathway are often protected, such as in the cases of puromycin8-15 and bialaphos16
biosyntheses.
Puromycin, a nucleoside antibiotic produced by Streptomyces alboniger, has broad
spectrum activity against Gram-positive bacteria, protozoans, and mammalian cells,
including tumor cells.:'N-Acetylation has been demonstrated to be a self-resistance
mechanism in the puromycin producer.8 In the biosynthesis of puromycin, three
methylation steps have been shown to proceed after N-acetylation of an active1 1 1
intermediate (Figure 6.1).15The last step of the biosynthesis involves extracellular
deacetylation of N-acetylpuromycin to reactivate the antibiotic.I3
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The self-resistance mechanism in S. griseochromogenes to block the action of BS
has yet to be elucidated. However, acetylation has been identified by Sugiyama et al. as a
self-resistance mechanism in another BS producer, Streptoverticillium sp. JCM 4673.I7
A blasticidin S acetyltransferase has been isolated and characterized from this organism.I8
The enzyme has an Mr of 15 kDa and exhibits Kms of 2 mM and 3 mM for BS and acetyl-
CoA, respectively.The inhibition of protein synthesis by blasticidin S in an in vitro
model system could be relieved when the purified enzyme was added along with acetyl-
CoA, showing that acetylating blasticidin S could protect the protein synthesizing
machinery.The enzyme was also shown to have a high substrate specificity for
blasticidin S. No other tested antibiotics could be acetylated including puromycin and112
streptothricin, peptidyl nucleosides for which inactivation by acetylation has been known
to occur.
19-20A resistance gene. bls, encoding this enzyme has recently been cloned and
expressed in S. lividans 1326.The sequence had no significant homology to other
antibiotic-modifying acetyltransferase genes.21The methods used to determine enzyme
activity were either a bioassay or a spectrophotometric assay for free CoA-SH formed
during acetylation. However, the precise site of acetylation was not identified, and the
role of acetylation in the biosynthesis of blasticidin S has not yet been addressed.
Acetylblasticidin S has not been identified in fermentations.
Leucylblasticidin S (LBS, 12, Chapter 1, Figure 1.5) has been isolated from S.
griseochromogenes grown in a chemically defined medium with the pH maintained
below 4.0.22It has also been isolated from Streptomyces sp. SCC 1875.23 Seto and co-
workers demonstrated that LBS could be converted to BS by washed cells of S.
griseochromogenes, implicating LBS as a direct precursor to 1.22 To determine if LBS
was formed by a condensation of L-leucine and BS under the acidic (pH 3-4) conditions
of the fermentation, an in vivo feeding experiment with {14C} -BS resulted in negligible
amounts of {14C} -LBS.This result could also be explained if BS failed to enter the
cells.22Nonetheless, acylating BS with a leucyl group may represent a novel self-
resistance mechanism in S.griseochromogenes, and an investigation of this and
acetylation are described in this chapter.113
Results and Discussion
Synthesis of N-Acetylblasticidin S and its Identification in Fermentation Broth
In order to detect acetyltransferase activity in S. griseochromogenes, and later to
determine the precise acetylation site, N-acetylblasticidin S had to be chemically
prepared. There are two likely sites of acetylation in BS, the amino group on the cytosine
residue and the amino group on the 13-arginine residue.The acetylation could not be
achieved by the standard acetylation procedure using acetic anhydride and pyridine,
probably due to the low solubility of BS.Instead the acetylation of blasticidin S was
carried out with acetic anhydride in acetic acid to produce diacetylblasticidin S (92).
Selective base hydrolysis of the acetamide in dilute ammonium hydroxide yielded
monoacetylblasticidin S (AcBS, 93) in good yield (Figure 6.2).24
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Figure 6.2. Preparation of N-acetylblasticidin S
The location of the acetyl group was determined to be on the amino group of the p-
arginine residue by 11-1 and 13C NMR spectroscopy. Analysis of the synthetic material by
HPLC using a polysulfoethyl aspartamide cation exchange column provided a retention
time (tR) of 12.0 min. The UV spectrum showed a cytosine-like chromophore with a
maximum at 275 nm.This was also consistent with the assigned structure of AcBS114
because the chromophore would be expected to be much different if the cytosine amino
group was acetylated.
The retention time and the associated UV spectrum matched those of a compound
identified in a complex medium fermentation broth.The identity of AcBS in the
fermentation broth was confirmed by HPLC coinjection experiments with the synthetic
AcBS using the cation exchange column as well as a C18 reverse phase column. The
retention time on the C18 column was 9.0 min. Co-elution was observed on both columns
(Figure 6.3). AcBS could not be detected when the organism was grown in the usual
chemically defined medium probably, due to a low concentration.The antimicrobial
activity of 93 against Bacillus circulans, a BS-sensitive bacterium, was measured using a
disk diffusion bioassay.No activity was observed at concentrations as high as 5.5
mg/mL, whereas a 24 mm zone of inhibition was seen when BS was applied at 50 .tg/mL.
This result indicates that inactivation of the antibiotic was achieved by acetylation and
implicates its biological role in the self-protection process of the producing organism.
Detection of N-Acetyltransferase Activity
When BS and acetyl-CoA were incubated in the presence of a cell-free extract
(CFE) of S. griseochromogenes, ion exchange HPLC analysis demonstrated the formation
of AcBS.This was confirmed by coinjection with authentic 93.The control
experiments, using either a boiled CFE or omitting acetyl-CoA, resulted in no detectable
formation of 93 (Figure 6.4). Acetyltransferase activity was detected in the supernatant of
an ultracentrifuged CFE sample at 100,000 x g for 1 h.These results indicate that N-
acetyltransferase is a soluble enzyme and may be similar to the enzyme described from
Streptoverticillium sp. JCM 4673.18
N-Acetylation of Demethylblasticidin S
Because DBS (4) exhibits antibiotic activity nearly equal to that of BS, it should
also need to be protected once it is formed intracellularly, i. e. acetylated if the acetylation
is involved in the self-resistance mechanism. When DBS and acetyl-CoA were incubatedCation exchange resin
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with a CFE from S. griseochromogenes, HPLC analysis using both ion exchange column
and C18 reverse phase column showed the presence of N-acetyldemethylblasticidin S
(AcDBS, 94). Confirmation of this result came from coinjection with authentic AcDBS
on the ion exchange column. The authentic AcDBS was chemically synthesized from
DBS using the same procedure described for AcBS (Figure 6.2).The DBS used was
isolatedfroma complex medium fermentationsupplemented withmethionine
hydroxamate (see Chapter III). The material identified as AcDBS was collected from the
C18 column and analyzed by FABMS. A molecular ion was observed at m/z 451 which is
consistent with AcDBS.Control experiments using either a boiled CFE or omitting
acetyl-CoA resulted in no detectable formation of AcDBS. The antimicrobial activity of
AcDBS against Bacillus circulans was tested and no activity was observed at
concentrations as high as 2.5 mg/mL. In comparison, 50 DBS gave a 18 mm zone
of inhibition. Sugiyama et al.I8 demonstrated that their purified BS-acetyltransferase has
a high substrate specificity for BS. Other analogues could not be acetylated including
puromycin and streptothricin, antibiotics which the acetylation has been shown to be a
self-resistance mechanism. DBS might be the first alternate substrate identified for such
an N-acetyltransferase.
Determination of V.. /K. of the N- acetyltransferase
Generally, the ratio of Vmax /Km is used to describe the specificity of an enzyme for a
substrate. The greater the ratio, the better the substrate. In order to identify which is the
better substrate (or the likely natural substrate) for the acetyltransferase, the kinetic
parameters Km and Vmax for BS and DBS were measured under identical conditions.
These values were determined from Lineweaver-Burk plots (Figure 6.5) using data
averaged from two sets of incubations (Table 6.1). The Km for BS is 4.5 mM, and this is
comparabletothevalueof 2 mM reportedfortheacetyltransferasefrom
Streptoverticillium sp. JCM 4673,18 while the Km for DBS is almost four times larger.
However, the measured value of Vmax/K, for BS as a substrate is only about 2 times that
determined for DBS.The data suggests that BS may be the preferred substrate.118
However, the difference is not that great and a simple exploratory study with a crude
extract does not allow a conclusive statement to be made.
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Figure 6.5.Lineweaver-Burk plots.Details of the reactions are described in the
experimental section.The production of AcBS and AcDBS was quantified by ion
exchange HPLC calibrated from standard curves.
Table 6 1. Kinetic data of the N-acetyltransferase
SubstrateK. (mM) Vrnax(nmol/mg/min) Vinax/Km
BS 4.5+0.2 0.60±0.01 0.13
DBS 16.6±2.2 1.1±0.1 0.066
N-Acetyltransferase Substrate Competition Experiment
A substrate competition experiment was also conducted to assess the substrate
preference of the acetyltransferase. Equal concentrations of BS and DBS were included
in the same incubation along with CFE and acetyl-CoA.Aliquots were withdrawn at
regular intervals and production of AcBS and AcDBS monitored by HPLC (Figure 6.6).
The data indicate that AcDBS was formed in greater quantity (nmole of AcBS or AcDBS
formed per mg of protein in the CFE). As was the case with the Vmax/K, data, the result
does not greatly favor one compound as the preferred substrate. Rather, it appears DBS
and BS are both good substrates for the enzyme.119
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Figure 6.6. Competition experiment for the N-acetyltransferase
Methylation of N-acetyldemethylblasticidin S
It has already been demonstrated, through an isotope trapping experiment, that a
SAM-dependent methyltransferase carries out the conversion of DBS to BS.25 However,
in this study only approximately 1% of DBS was converted to product.In the current
study, we have re-evaluated this step in the biosynthesis using HPLC analysis. When
AcDBS and S-adenosylmethionine (SAM) wereincubatedwitha CFE of S.
griseochromogenes, approximate 21% of AcDBS was converted to AcBS (Figure 6.7).
The formation of AcBS was detected by HPLC using both ion exchange and reverse
phase supports with coinjection of authentic AcBS. The peak having a retention time
identical to that of AcBS onC18column was collected and analyzed by HR-FABMS
which confirmed the identity of the compound as AcBS. In a control experiment using
boiled CFE, there was no AcBS detected.In contrast, when DBS and SAM were
incubated with CFE, the amount of BS formed was insignificantly greater than boiled
control. The low background of BS in the incubation mixture made the measurement of
Vmax /Km impractical. Nevertheless, these findings suggest that AcDBS is a much better
substrate for the methyltransferase.AcDBS+SAM+boiled CFE
AcDBS
AcBS
\41/4
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Figure 6.7. Ion exchange HPLC chromatograms of AcDBS methylation assays
Acetvlation as a Detoxification Process
Based on the results mentioned above,it seemed reasonable to assume that
acetylation is directly involved in the biosynthesis of blasticidin S. Once the toxic DBS is
formed from cytosinine and 13-arginine, acetylation occurs to detoxify it to avoid cellular
suicide.Methylation of this protected compound gives AcBS, which is the last
intermediate in the pathway. The final steps would be export of AcBS from inside the
cell and deacetylation to yield BS, similar to puromycin biosynthesis.15However,
attempts to detect AcBS amidohydrolase activity from either broth or CFE were
unsuccessful.Furthermore, when AcBS was added to a fermentation in chemically
defined medium at the beginning of BS production (48 h after inoculation), and the
fermentation was monitored by HPLC, the amount of AcBS remained constant while a
substantial amount of BS was produced.In a control experiment without supplemental
AcBS, a similar amount of BS was produced and no AcBS could be detected in the
fermentation. These results demonstrate that AcBS is unlikely to be an intermediate in121
BS biosynthesis.Acetylation may function as a detoxification mechanism used when
DBS or BS is errantly formed in the cell, re-enters the cell, or is produced in large
amounts under artificial fermentation conditions.
The Biosynthetic Role of Leucylblasticidin S
Leucyblasticidin S (LBS, 12) was isolated from a chemically defined medium
fermentation broth by ion exchange chromatography and reverse phase HPLC.
Interestingly, it was found that LBS production did not require maintenance of the
fermentation pH below 4.0, as reported by Seto et al.
22The production of LBS in
Streptomyces sp. SCC 1785 was also reported under normal fermentation conditions.23
Although LBS was shown to be converted to BS by washed cells of S.
griseochromogenes, it remained unclear whether the reaction occurred intracellularly or
extracellularly. When LBS was incubated overnight with CFE of S. griseochromogenes
at 30 °C, LBS was completely converted to BS. In a control experiment with boiled CFE,
the amount of LBS was unchanged and the BS level did not increase. Attempts to detect
LBS amidohydrolase activity in the centrifuged supernatant of a fermentation broth were
unsuccessful; the activity may be very low and/or associated with membrane. When the
CFE was centrifuged at 14,000 x g for 15 min, the hydrolase activity was observed in
both supernatant and the pellet resuspension.However, the enzyme solubility needs
further studies using ultracentrifugation. Nonetheless, the CFE contains the majority of
the activity.
If LBS is the last intermediate in the biosynthetic pathway to 1, LBS should be
formed by methylation of leucyldemethylblacticidin S (LDBS, 95).To examine this
hypothesis, LDBS was chemically synthesized (Figure 6.8) after successful model studies
on the synthesis of LBS from BS. Blasticidin S is readily available compared to DBS.
The reaction of DBS and N-t-BOC-L-leucine-N-hydroxy-succinamide ester (96) in
sodium bicarbonate solution yielded the desired product,26 which was deprotected with
trifluoroacetic acid directly without purification. LDBS was purified by reverse phase
HPLC and characterized spectroscopically.DBS (4)+
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Figure 6.8. Preparation of leucyldemethylblasticidin S
When LDBS and SAM were incubated with CFE of S. griseochromogenes for 3 h at
30 °C, all the LDBS disappeared and only a small peak of LBS was observed by HPLC.
The major compound formed was DBS, which should arise from hydrolysis of LDBS,
while the BS peak increased 3 fold as compared to the boiled control.A longer
incubation (8 h) resulted in the disappearance of the LBS peak. In a control experiment
using boiled CFE, LDBS levels were unchanged and no DBS or LBS could be detected,
whereas BS had a low background introduced from the boiled CFE. In a second control
experiment omitting SAM, LBS could not be detected, the BS peak was at background
level, and all LDBS was converted to DBS (Figure 6.9).All peak assignments were
confirmed by coinjection with authentic samples.
In the experiments described above, approximately 19% of the LDBS added was
converted to BS (assuming all cytosine derivatives have the same molar absorptivity at
275 nm). If the competing hydrolysis of LDBS is considered, LDBS appears to be the
best substrate for the methyltransferase.Because DBS is a poor substrate for the
methyltransferase, the formation of such a large amount of BS would not be expected to
arise from the methylation of DBS formed from the hydrolysis of LDBS. To further
confirm the involvement of LBS, a parallel experiment was carried out where DBS was
included as substrate. Approximately 2% of the DBS was converted to BS (Table 6.2).
Attempts to block the hydrolysis of LDBS by including protease inhibitors in the123
incubation did not result in any detectable increase of LBS or BS as compared to the
controls. Inhibitors used included benzamidine (2 mM), pepstatin A (2 IIM), leupeptin (2
1,1,M). and PMSF (0.2 mM).
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Figure 6.9. Ion exchange HPLC chromatograms of LDBS methylation assays124
Table 6.2. BS and DBS levels in the LDBS methylation assays
Incubations BSa'b DBSa DBS/BS
LDBS+SAM+CFE 1645536 6909818 4.2
LDBS+SAM+boiled CFE 0 0 0.0
LDBS+CFE 97763 7876750 80
DBS+SAM+CFE 278207 13405912 48
a UV absorption units.BS in the boiled control was normalized from
769629 to 0 and subtracted from others.
The antibiotic activity of LDBS and LBS against Bacillus circulans was tested. At
a concentration of 1.0 mg/mL, LDBS and LBS gave 20 mm and 15 mm zones of
inhibition, respectively. In comparison, 50 jig/mL BS gave a 24 mm zone of inhibition
on the same petri plate. Although the inactivation resulting from addition of a leucyl
group is not as good as that achieved by acetylation, the activity of LBS and LDBS is
significantly decreased relative to BS and DBS. The residual activities may be negligible
under physiological conditions.
Conclusion
Based on the results presented above, the proposed biosynthetic pathway for BS
must involve the intermediacy of LDBS and LBS (Figure 6.10). Once the toxic DBS is
formed from cytosinine and 13-arginine, addition of a leucyl group occurs to detoxify it,
preventing cellular suicide.Efforts failed to demonstrate the enzymatic synthesis of
LDBS from DBS and leucine in the presence of ATP and CFE of S. griseochromogenes.
ATP is usually required to activate amino acids for the formation of peptide bonds. One
obvious explanation is that the LDBS, if formed, could be easily converted back to DBS
by the CFE of S. griseochromogenes. To demonstrate this leucyl modification step, the
hydrolase activity has to be blocked or the enzyme has to be purified. Methylation of this
protected compound gives LBS, which is the last intermediate in the pathway. However,
where the conversion of LBS to BS takes place remains uncertain.In Strepomyces
alboniger,the puromycin producer,deacetylation of N-acetylpuromycin proceeds
extracellularly.13125
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Figure 6.10. Revised final steps in the biosynthesis of BS
Recently, our group identified and sequenced a 2.6 kb BS resistance gene which
showed very high sequence homology to an ATP binding cassette transporter gene (efflux
pump).14, 27One possibility could be that hydrolysis of the leucyl amide bond occurs
during transportation across the cell membrane, either by an enzyme associated with the
efflux pump or even a catalytic domain of the efflux pump. In either case, the activity
would be associated with the membrane. To our knowledge, this is the first report of
acylation with a leucyl group as an apparent self-resistance mechanism in a biosynthetic
pathway.126
Summary
This chapter described the detectionof an N-acetyltransferase activity from
Streptomyces griseochromogenes, and the determination of the precise acetylation site.
Additionally, the substrate specificity of the methyltransferase was re-examined, and
evidence was presented showing that the resistance mechanism employed during BS
biosynthesis involved formation of a leucine adduct. Together, these lead to a revision of
the final steps of BS biosynthetic pathway. While LDBS and LBS appears to be directly
involved in the biosynthetic pathway to BS, the acetylation may play a rescue or
prevention role as depicted in Figure 6.11.Another possibility to minimize toxicity
might be to form LDBS directly from leucy1-13-arginine and cytosinine. LDBS and LBS
might occasionally be attacked by some general peptidases to form DBS and BS. These
toxic compounds could be neutralized by acetylation and eventually cleared out from the
cells. However, more evidence needs to be obtained to prove such a hypothesis.
leucy1-13-argininecytosinine
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Figure 6.11. Possible functions of acylations in the biosynthesis of BS127
Experimental
General
NMR spectra were obtained on either a BRUKER AC 300 or AM 400 spectrometer.
t-BuOH was added as an internal reference of chemical shift when recorded in D20, 5
1.27 ppm and 31.2 ppm for 11-1 NMR and 13C NMR, respectively. HPLC was performed
on a Waters model 600E system connected to a Waters model 990+ photodiode array
detector, using a Hewlett-Packard autosampler (Series 1050).Mass spectra were
obtained on a Kratos MS 50 TC spectrometer.Double deionized water (Milli-Q,
Millipore) was used for all fermentations and HPLC solvents.Ultracentrifugation was
performed using a Beckman L8-80M ultracentrifuge with a 70.1 Ti rotor.
HPLC Analysis
The conditions for analytical HPLC were as follows: polysulfoethyl aspartamide
strong cation exchange column (The Nest group, 45 Valley Road, Southboro, MA); 4.6 x
200 min; mobile phase, (A) 5 mM potassium phosphate in 25% aqueous MeCN, pH=3.0,
(B) 5 mM potassium phosphate in 25% aqueous MeCN containing 0.25 M KC1, pH=3.0,
30 min linear gradient from 0 to 100% B followed by 10 min 100% B; flow rate 1.0
mL/min.Reverse phase HPLC was performed using a C18 column (Microsorb-MV,
Varian) 4.6 x 250 mm; mobile phase, 5% aqueous MeCN, 0.1% TFA, isocratic, flow rate
1.0 mL/min. The UV region from 200 to 300 nm was scanned with the photodiode array
detector.
Preparation of Cell-free Extracts
Standard culture maintenance and fermentation conditions have been described
previously.1°Streptomyces griseochromogenes cells grown in a chemically defined
medium were generally harvested at 72 h after inoculation. The mycelia were collected
by centrifugation at 10,000 x g for 10 min at 4 °C, washed twice by resuspending in 50
mM potassium phosphate buffer, pH 7.0 (5 volume of the pellet) containing1 mM
dithiothreitol, and then centrifuged again. The pellet was either used directly or stored at128
-80 °C. In general, one volume of pellet was suspended in 2 volume of buffer mentioned
above, cooled in an ice-ethanol bath, and disrupted by sonication (Heat Systems
Ultrasonic, Inc. model W-225, power level 8, 40% duty cycle). Sonication was for 3 x 1
min with 1 min cooling intervals.Boiled CFE was obtained by immersion in boiling
water for 10 min.
Bioassay
Sterile peptone agar solution (containing 0.5% trypticase peptone and 1.5% Bacto
agar, pH 9.0) equilibrated at 50 °C in a water bath was mixed with 0.2% v/v of a stock
spore suspension of Bacillus circulans. Aliquots (10 mL) of the resulting solution were
dispensed into Petri plates and allowed to solidify.Sterile paper bioassay disks were
placed evenly on the agar plate and 75 1AL of the solution to be assayed was placed on
each disk. The diameter of the inhibition zone was measured after incubation at 37 °C for
16 h.
Acetyltransferase Assay Conditions
For a typical assay, 3 mM BS or DBS and 6 mM AcCoA were incubated with 0.4
mL CFE in a total volume of 0.5 mL. The incubations were performed overnight in a 30
°C water bath. Cold ethanol (0.5 mL) was added and the mixture was centrifuged. The
supernatant was analyzed by HPLC using ion-exchange conditions mentioned previously.
For those analyses done using reverse phase chromatography, the supernatant was
evaporated and the residue was redissolved in water.In control experiments, either
boiled CFE was included or AcCoA was excluded.
Kinetic Data Measurement
The concentration of protein in the CFE was determined to be 19.5 mg/mL using
the Bradford protein assay method.28 For BS assays, each 0.5 mL incubation mixture
contained 0.4 mL CFE, 3 mM AcCoA and one of the following concentrations of BS:
0.25, 0.31, 0.40, 0.56, 1.07 or 6.0 mM. For DBS assays, the 0.25 mL incubation mixtures
contained 0.2 mL CFE, 3mM AcCoA and one of the following concentrations of DBS:129
5.0, 6.1, 7.8, 10.9, 17.8 or 50 mM. The assay mixtures were incubated in a 30 °C water
bath for 30 min at which time an equal volume of cold EtOH was added to each vial to
terminate the enzyme reaction and the mixture was centrifuged.An aliquot of the
resulting supernatant (50 [IL) was analyzed by ion exchange HPLC.
Acetyltransferase Substrate Competition Experiment
An incubation mixture (1.0 mL) containing CFE (700 ilL), 5 mM BS, 5 mM DBS
and 8 mM AcCoA was incubated in a 30 °C water bath. Aliquots (100 uL) were removed
at 0, 15, 30, 45, 60, 90, 120, 150 and 180 min and immediately mixed with an equal
volume of cold EtOH and centrifuged. The resulting supernatant (50 pt) was analyzed
by HPLC. A control experiment was conducted at the same time under identical
conditions with the exception that AcCoA was omitted from the incubation mixture. The
amounts of AcBS and AcDBS produced were calculated from the difference of the two
incubations.
Assay for Methyltransferase Activity Using AcDBS
Assay mixtures (500 pt) consisting of 350 µL CFE, 1 mM AcDBS and 23 mM
SAM were incubated in a 30 °C water bath for 10 h. Cold ethanol (500 lit) was added
and the mixture was centrifuged. The supernatant was analyzed by ion exchange HPLC
as previously described. A control experiment incorporating boiled CFE was also carried
out.
Diacetylblasticidin S (92)
Blasticidin S hydrochloride (800 mg) was dissolved in water (50 mL) and the pH
adjusted to 11.0 with Amber lite 410 resin (01-F form). Removal of the resin followed by
lyophilization of the filtrate gave 630 mg of BS as the free base. The free BS (500 mg)
was dissolved in HOAc (50 mL) and Ac20 (50 mL) and the reaction mixture stirred
overnight at room temperature. The resulting mixture was evaporated to a small volume
(15 mL) and stored in a refrigerator overnight. The resulting crystals were collected and
recrystallized from H2O (5 mL) to give 260 mg of the title compound as free base. Yield130
was 43%. IR (KBr) 3600-2600, 1713, 1663, 1564, 1494, 1310, 1241, 1067 cm* 'H
NMR (400 MHz, D20) 6 1.84 (m, 1H), 1.96 (m, 1H), 2.03 (s, 3H), 2.27 (s, 3H), 2.50 (d, J
= 6.6 Hz, 2H), 3.03 (s, 3H), 3.37 (m, 1H), 3.47 (m, 1H), 4.15 (m, 1H), 4.23 (d, J = 8.5
Hz, 1H), 4.78 (1H, under HOD), 5.94 (d, J = 10.3 Hz, 1H), 6.19 (d, J = 10.2 Hz, 1H),
6.58 (s, 1H), 7.35 (d, J = 7.5 Hz, 1H), 8.07 (d, J = 7.5 hz). 13C NMR (100 MHz, D20) 6
23.6, 25.7, 31.8, 37.1, 42.8, 46.3, 46.9, 48.6, 79.2, 81.8, 100.1, 126.7, 134.7, 148.8, 158.2,
158.9, 164.8, 173.9, 175.2, 175.6, 176.2. HRMS (FAB): found m/z 507.2317 [M+H] +,
calcd for C211430\1807 m/z 507.2316.
N-Acetylblasticidin S (93)
Diacetyl BS (100 mg) in 1 M aqueous ammonium hydroxide (10 mL) was stirred at
room temperature for 5h.24 The mixture was evaporated to dryness and the residue was
crystallized from water to give 82 mg of the title compound (89% yield). IR (KBr) 3600-
2600, 1653, 1542, 1068 cm* 11-1 NMR (400 MHz, D20) 6 1.83 (m, 1H), 1.98 (m, 1H),
2.03 (s, 3H), 2.49 (d, J= 6.7 Hz, 2H), 3.03 (s, 3H), 3.37 (m, 1H), 3.46 (m, 1H), 4.16 (m,
1H), 4.19 (d, J = 8.9 Hz, 1H), 4.70 (ddd, J = 8.8, 3.0, 2.4 Hz, 1H), 5.88 (dt, J = 10.3, 1.8
Hz, 1H), 6.06 (d, J = 7.5 Hz, 1H), 6.13 (dt, J = 10.3, 2.0 Hz, 1H), 6.50 (s, br., 1H), 7.63
(d, J = 7.5 Hz).13C NMR (100 MHz, D20) 6 23.6, 31.8, 37.1, 42.8, 46.3, 47.1, 48.6,
79.3, 81.2, 98.2, 127.4, 134.5, 144.5, 158.2, 159.3, 168.0, 174.0, 175.2, 176.4. HRMS
(FAB): found m/z 465.2209 [M+H] +, calcd for Ci9H29N806, m/z 465.2210.
N-Acetyldemethylblasticidin S
DBS free base (110 mg) in HOAc (6 mL) and Ac20 (6 mL) was stirred for 2 h at
room temperature. After evaporation to dryness, the residue was found to be a mixture of
mono- and di- acetylated products.This residue was then dissolved in 5 mL of 1 M
aqueous ammonium hydroxide and stirred for 2 hours at room temperature. The mixture
was lyophilized and the residue was recrystallized from Me0H-H20 to give 56 mg of
AcDBS from two crops of crystals (46% yield). IR (KBr) 3600-2600, 1657, 1492, 1067
cm-I. 1H NMR (400 MHz, D20) 6 1.79 (m, 1H), 1.89 (m, 1H), 2.02 (s, 3H), 2.50 (d, J =
6.8 Hz, 2H), 3.25 (m, 2H), 4.20 (d, J = 8.9 Hz, 1H), 4.24 (m, 1H), 4.72 (ddd, J = 8.8, 3.4,131
2.1 Hz, 1H), 5.88 (d, J= 10.3 Hz, 1H), 6.07 (d, J = 7.5 Hz, 1H), 6.13 (d, J= 10.2 Hz,
1H), 6.51 (s, 1H), 7.64 (d, J = 7.5 Hz).I3C NMR (100 MHz, D20) 6 23.6, 33.7, 39.5,
42.7, 46.2, 47.1, 79.4, 81.2, 98.1, 127.3, 134.6, 144.6, 158.4, 158.8, 167.6, 174.0, 175.3,
176.4. HRMS (FAB): found m/z 451.2054 [M+H]+, calcd for Ci8H27N806 m/z 451.2054.
Leucyldemethylblasticidin S (95)
To a solution of DBS hydrochloride (50 mg) and NaHCO3 (15mg) in H2O (2 mL),
Boc-L-leucine-N-hydroxy-succinamide (72 mg) in EtOH (3 mL) was added.After
stirring at room temperature for 2 h, the mixture was acidified to pH 3 with 1N HC1 and
evaporated to dryness under vacuum. The residue was dissolved in a 1:1 mixture of
TFA/CH2C12 (10 mL), stirred for 2 h at room temperature and evaporated to dryness. The
residue was dissolved in H2O and purified by HPLC (Varian C18 Microsorb-MV, 4.6 x
250 mm, mobile phase: 7% aqueous CH3CN containing 0.1% TFA, Flow rate 1.0
mL/min). The LDBS fraction collected from HPLC was evaporated to dryness to yield
54 mg of product (92% yield). IR (KBr) 3600-2600, 1736 (sh), 1679, 1202, 1136 cm-I.
'H NMR (300 MHz, D20) 6 0.98 (d, J= 6.0 Hz. 3H), 0.99 (d, J= 5.9 Hz, 3H), 1.70 (m,
3H), 1.87 (m, 2H), 2.52 (dd, J= 14.8, 7.9 Hz, 1H), 2.63 (dd, J= 14.9, 5.6 Hz, 1H), 3.26
(m, 2H), 4.00 (t, J= 7.3 Hz, 1H), 4.33 (m, 1H). 4.49 (d, J= 7.6 Hz, 1H), 4.8 (1H under
HOD), 5.98 (d, J= 10.3 Hz, 1H), 6.24 (d, J= 7.8 Hz, 111), 6.27 (dt, J= 10.3, 2.3 Hz, 1H),
6.57 (d, J= 2.0 Hz, 1H), 7.82 (d, J= 7.8 Hz, 1H). I3C NMR (75 MHz, D20) 6 22.5, 23.3,
25.4, 34.1, 39.5, 41.7, 42.0, 45.9, 46.6, 53.5, 76.5, 80.6, 96.9, 125.8, 134.8, 147.1, 150.2,
158.4, 161.0, 171.6, 173.5, 173.9. HRMS (FAB): found m/z 522.2782 [M+H]calcd for
C22H36N906 m/z 522.2789.
Isolation of Leucylblasticidin S
The chemically defined medium fermentation broth (400 mL) from a 120 h
fermentation was centrifuged at 10,000 x g for 10 min.Pellets were washed with a
minimum amount of water, recentrifuged, and the washings were combined with the
original supernatants.The supernatants were loaded onto a Dowex 50W-X4 cation
exchange column (11+ form, 2.5 x 20 cm) at a flow rate of 5 mL/min. The column was132.
washed with water until the pH of the effluent was neutral, and then with 5% aqueous
pyridine until the pyridine eluted from the column. At that time, the mobile phase was
changed to 0.5 N NH4OH and fractions of 20 mL were collected. Leucylblasticidin S was
detected in fractions 31-40.Lyophilization of the LBS containing fractions yielded 60
mg of fluffy material. This was dissolved in water and purified by HPLC (Varian C18,
Microsorb-MV, mobile phase: 7% aqueous CH3CN containing 0.03% TFA, flow rate: 1.0
mL/min). LBS had a retention time of 8.7 min and 17 mg of LBS was isolated after
removal of solvents. IR (1(13r) 3600-2600. 1734 (sh), 1674, 1200, 1136 cmI. The 'H
NMR spectrum was consistent with that reported.22 1H NMR (400 MHz, D20) 6 7.78 (d,
J = 8.1 Hz, 1H). 6.55 (dd, J = 4.2, 2.1 Hz. 1H), 6.25 (dt, J = 10.4, 2.4 Hz, 1H), 6.22 (d, J
= 8.0 Hz, 1H), 5.96 (dt, J = 10.3. 2.1 Hz, 1H), 4.80 (1H, under HOD), 4.48 (d, J = 7.4 Hz,
1H), 4.24 (m, 1H), 3.98 (t, J = 6.7 Hz. 1H), 3.37 (m, 2H), 3.20 (s, 3H), 2.58 (dd, J = 14.8,
5.9 Hz, 1H), 2.48 (dd, J = 14.9, 7.8 Hz, 1H), 1.80-2.02 (m, 2H), 1.62-1.70 (m, 2H), 0.99
(d, J = 0.62 Hz, 3H), 0.97 (d, J = 6.0 Hz, 3H). 13C NMR (100 MHz, D20) 6 173.9. 173.2,
171.4, 161.0, 158.1, 150.2, 147.1, 134.8, 125.8, 96.9, 80.7. 76.3, 53.5, 48.8, 46.7, 45.9,
42.2, 41.7, 37.4, 32.3, 25.5, 23.4, 22.4. HRMS (FAB): found m/z 536.2930 [M+Hr,
calcd for C23H38N9O6 m/z 536.2945.
Enzymatic Conversion of LBS to BS
In a 250 !IL assay consisting of 200 fiL CFE, 1 mM LBS was included, and the
mixture was incubated in a 30 °C water bath overnight. Cold ethanol (2504) was added
and the mixture was centrifuged. The supernatant was analyzed by HPLC using an ion-
exchange column mentioned previously.Control experiments were prepared in a
identical manner using boiled CFE.
Assay for Methyltransferase Activity Using LDBS
In a total volume of 250 IAL assay consisting of 200 1,t1. CFE, 1 mM LDBS (or DBS)
and 10 mM SAM were included and the mixture incubated in a 30 °C water bath
overnight.Cold ethanol (250 IAL) was added, the mixture was centrifuged and the133
supernatant was analyzed by HPLC using theion exchange method mentioned
previously. Control experiments were conducted using boiled CFE or omitting SAM.134
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Chapter 7
Blasticidin S Resistance Mechanism in Streptomyces lividans
Introduction
Antibiotic resistance has become a hot topic recently with numerous papers being
published each year in leading journals.I-6Due to the rapid development of new
antibiotic-resistant strains over the past decades, the number of effective drugs in the
arsenal of antibiotics is decreasing.Scientists are again searching for new antibiotics
after the cutback during the 1980s.However, few new antibiotics are in sight.
Furthermore, new antibiotics would encounter resistance probably soon after their
marketing.With such concerns in mind, scientists are working on strategies that will
make existing antibiotics less susceptible to resistance mechanisms. Many bacteria resist
penicillin and its derivatives by producing an enzyme, 11-lactamase, which degrades those
compounds by opening the 13-lactam. An antidote already on pharmacy shelves contains
an inhibitor of P-lactamase, which prevents the breakdown of penicillin and so allows the
antibiotic to work normally.Tetracyclines were once very effective broad-spectrum
antibiotics, but now resistance is so common that they are almost useless. A compound,
however, is under development to block a microbial pump that ejects tetracycline from
bacteria so tetracycline can remain and work effectively in the cells:7-9
The blasticidin S resistance mechanism in nonproducers has been reported to be
enzymatic inactivation of BS.The product, a uracil analogue of BS, 4-deamino-4-
hydroxyblasticidin S (2), retains1% of the original antibiotic activity against P. oryzae.
The deaminase activity has been detected in the fungi Aspergillus fumigatusl° and
Aspergillus terreus," and in the bacterium Bacillus cereus.'2 The deaminase has been
purified from A. terreus13-14 and B. cereus.'The corresponding genes, bsd and bsr, were
cloned and sequenced from A. terreus and B. cereus, respectively.15-I6No overall
sequence homology was found between the two genes. The bsr gene was found on a
native plasmid. The discovery of BS deaminase and the cloning of the genes revealed a137
new aspect of BS as a useful research reagent in molecular biology." The bsd gene is the
only drug-inactivating gene of eukaryotic origin and is more suitable for expression in
eukaryotes. Both genes have been used as selectable markers for fungi and bacteria. The
bsr gene has also been used for plant and even mammalian cells.' 8-23
HO,C
CH,'
NH NH, 0
2
Figure 7.1. Structure of the deamination product
Two classes of blasticidin S-resistant mutants of Saccharomyces cerevisiae have
been isolated.24 Both resistance genes were found to be recessive, indicating that they are
unlikely to be responsible for inactivation of BS. Since neither phenotype is associated
with the ribosome. the target of BS action, their mechanism of resistance has been
suggested as affecting the permeability of BS into the cells. A strain of Streptomyces
lividans has been shown to be highly resist to BS in vivo, but its ribosomes were highly
susceptible to the inhibition of blasticidin S. The S. lividans resistance mechanism was
suggested to be due to lack of membrane permeability.25
Development of resistance was one of the main reasons that caused the replacement
of blasticidin S by other compounds in the battle against rice blast.26 Investigation of BS
resistance in the environment may help to revive its use in agriculture.Because S.
lividans is used as a host for cloning Streptomyces genes, understanding the BS resistance
mechanism in S. lividans should be very useful as the bsr and bsd genes are becoming
increasingly important selection markers.138
Results and Discussion
Recently in our group, a 4.8 kb chromosomal DNA fragment from Streptomyces
griseochromogenes was cloned into the high copy number vector pIJ702 and shown to
confer increased resistance to blasticidin S upon Streptomyces lividans TK24.27 After the
acetyltransferase activity was detected in the cell-free extract of S. griseochromogenes,
the resistance mechanism encoded by this cloned gene was investigated in regard to
acetylation. Two transformants were prepared by Dr. Martha Cone; S. lividans TK24
harboring pIJ702 with the 4.8 kb resistance fragment insert and S.lividans TK24
harboring only the pIJ702 vector for comparison. The former transformant was grown in
the presence of BS (600 lig/mL). The mycelia were collected, washed and disrupted to
yield cell-free extracts. When BS and either of the CFE were incubated with or without
acetyl-CoA overnight, surprisingly, BS disappeared in all four incubations as determined
by ion exchange HPLC. However, no AcBS could be detected in any of the incubations.
Instead a new major peak, with a retention time of 13.3 minutes, was observed in all the
incubations. This peak had a UV maximum at 257 nm instead of the characteristic 275
nm for the cytosine moiety, suggesting that the cytosine has been modified.
This experiment was repeated on a large scale with the CFE prepared from the
transformant harboring the pIJ702 vector. In 4 hours, no BS could be detected, whereas
the peak at 13.3 minutes was still present. This unidentified compound had a retention
time of 5.6 minutes on a C18 reverse phase column, and was purified from an aliquot of
the incubation.The structure of this compound was determined to be 4-deamino-4-
hydroxyblasticidin S from spectroscopic data and comparison to data from BS.The
structure of 2 was original determined by Seto et al. in 1966 through studies on BS
chemical degradation products.1° A 'H NMR spectrum recorded in DC1 was reported in
1987.12 In the current studies, 1H and 13C NMR spectra were measured in D20, and were
consistent with the structure of 2. High-resolution FAB mass spectrometry provided the
formula C17H25N706, and the UV spectrum was identical to thatreported.1° In a control
experiment, incubation of boiled CFE and BS resulted in no conversion of BS to 2.0. 2044
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Thus, the resistance mechanism in these S. lividans tranformants is the deamination of the
cytosyl group of blasticidin S.
After the determination of deaminase activity in the transformants, the deaminase
activity was also detected in the wild type S. lividans TK24 using similar incubations to
those mentioned above.This eliminated the possibility that the deaminase might be a
gene product of the plasmid used to carry the resistance gene.
The resistance mechanism towards BS in S. lividans has been suggested as affecting
the membrane permeability by Nomura et al., the same group working on the BS
acetyltransferase.25 The authors could not detect enzymatic modification of the antibiotic
by extracts of S. lividans 66.However, there are some confusing points in the paper.
First, the authors did not mention what method was used to detect the modification
products.Bioassay is a likely possibility because they used itfor detecting the
acetyltransferase activity.Secondly, the authors seemed unaware of the deamination
mechanism for the BS resistance in other nonproducers because no related references
were cited.
Our results are very convincing that the deamination is the actual resistance
mechanism in S. lividans. A time course for the deaminase demonstrated that the reaction
went to completion in 30 minutes in an 625 lit assay containing 0.6 mM BS and 600 pi
of CFE. The deaminase purified from A. terreus has been reported to have a substrate
specificity confined to BS and a few derivatives, but DBS was not tested. We found that
demethylblasticidin S is also a good substrate for the deaminase as similar incubations
were conducted.
Interestingly, the deaminase was found to be quite stable at high temperatures.It
was first noticed that the CFE had to be boiled for at least 15 minutes to completely
deactivate the deaminase. In a series of studies on this thermal deactivation, we found
that nearly one hour at 95 °C was required to completely deactivate the enzyme (Table
7.1, 200 iut assay containing 0.3 mM BS and 175 1.11_, of heated CFE). Approximately
60% conversion of blasticidin S was observed when the CFE was heated only for 30
minutes at 95 °C.141
Table 7.1. Thermal deactivation of BS deaminase at 95 °C
Time of CFE heated (min) BS* 2*
15 0 326784
30 219835 247394
60 578278 0
* UV absorption units at 275 nm142
Summary
The blasticidin S resistance mechanism in Streptomyces lividans TK24 was clearly
demonstrated as cytosyl deamination of blasticidin S to yield the non-toxic uracil
analogue of blasticidin S.This mechanism isconsistent with those reported in
Aspergillus terreus and Bacillus cereus.However, it is different from the mechanism
reported for Streptomyces lividans 66, where the resistance had been suggested to be a
membrane permeability mechanism.Blasticidin S is being increasingly used as a
research tool in molecular biology. The discovery of such a resistance mechanism should
alert those researchers in choosing this tool whenever S. lividans is used as a host
organism.143
Experimental
General
Equipment and HPLC analysis used in the following experiments were described in
Chapter 6. The CFE of S. lividans and its transformants were prepared using the same
procedure that was used to prepare CFE described in Chapter 6.
Fermentation Conditions for S. lividans TK24
The same YEME fermentation medium was used for both seed and production
medium. The medium consisted of 0.3% yeast extract, 0.5% Bacto peptone, 0.3% malt
extract, 1% glucose and 3.4% sucrose.After autoclaving, 2 mL/L of 2.5 M MgC12
solution was added using a sterile pipet.For a 50 mL seed medium, 100 µL of spore
suspension of S. lividans TK24 was added and incubated for two days. The production
medium was inoculated with the seed broth (5% v/v) and the fermentation was harvested
at 60 h by centrifugation at 6,000 x g. The pellet was washed with buffer (50 mM KPi,
pH 7.0, 1 mM DTT) and centrifuged again.The mycelia was either used directly or
stored at -80 °C for later use.
Incubation Conditions
In a typical incubation, 3 mM BS or DBS was included in a 0.5 mL assay consisting
of 425 µL CFE. The incubation was performed in a 30 °C water bath for a various
lengths of time. Cold ethanol (0.5 mL) was added and the mixture was centrifuged at
14,000 rpm for 10 min. The supernatant was analyzed by HPLC using an ion-exchange
column mentioned previously.For those analyses using C18 reverse phase HPLC, the
supernatant was evaporated and the residue was redissolved in water.In control
experiments boiled CFE was used. The boiled CFE was usually placed in a boiling water
bath for 20 minutes and cooled on ice before assay.For the thermal inactivation
experiment, the CFE was heated in an oil bath for a given period of time before cooling
on ice for assay.144
Purification of 4-Deamino-4-hydroxyblasticidin S (2)
The preparative enzyme incubation (15 mL), including 40 mg of BS, was
terminated by addition of 15 mL cold absolute ethanol and centrifugation for 10 min. An
aliquot of the supernatant was analyzed by C18 reverse phase HPLC (Varian C18,
Microsorb-MV, 4.6 x 250 mm), eluting with 5% acetonitrile containing 0.1% TFA. The
peak with a retention time between 5.4-6.0 was collected and lyophilized to yield 5 mg
of pure 2.IFT NMR (400 MHz, D20) 5 7.65 (d, J= 8.0 Hz, 1H), 6.53 (s, 1H), 6.22 (d, J=
10.3 Hz, 1H), 5.96 (d, J= 10.4 Hz, 1H), 5.91 (d, J= 8.0 Hz, 1H), 4.8 (1H, under HOD),
4.39 (d, J= 8.7 Hz, 1H), 3.70 (m, 1H), 3.51 (m, 1H), 3.08 (s, 3H), 2.81 (dd, J= 16.2, 4.7
Hz, 1H), 2.70 (dd, J= 16.3, 7.2 Hz, 1H), 2.09 (m, 2H).'3C NMR (100 MHz, D20) 8
174.4, 172.6, 167.8, 158.2, 153.4, 144.3, 134.5, 126.9, 104.2, 80.4, 77.3, 48.1, 48.0, 46.4,
38.1, 37.4, 30.6. HRMS (FAB): found miz 424.1946 [M+H] +, calcd for Ci7H26N706 m/z
424.1945.145
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Chapter 8
Conclusions and Prospects
Through a combined approach using conventional whole-cell feeding of isotopically
labeled primary precursors and putative intermediates, feeding metabolic pathway
inhibitors, and cell-free investigations of biosynthetic enzymes, many key features in the
biosynthesis of blasticidin S have been elucidated as described in previous chapters. The
success of this study should provide useful information for the biosynthesis of other
nucleoside antibiotics and help in designing and preparing new bioactive nucleoside
analogues.
As summarized in Figure 8.1, blasticidin S is now known to be derived from
cytosinine, which has long been thought as a logical intermediate in the biosynthesis of
BS. The identification of cytosinine : pyridoxal phosphate tautomerase provided the first
evidence that cytosinine is indeed involved in the biosynthesis of blasticidin S.The
enzyme catalyzes a key step in the conversion of CGA to cytosinine which results in a net
transamination at C-4'.
From the feeding of metabolic pathway inhibitors, a new cytosine glycoside, 58,
was isolated. Structurally, this metabolite retained the carboxyl group, suggesting that it
is more closely related to cytosinine than the pentopyranines.Inhibitor feedings also
resulted in the accumulation of other known metabolites, including CGA, PPNC and
DBS. It was the readily availability of DBS that facilitated the investigation of the self-
resistance mechanism in S. griseochromogenes.
Two self-resistant mechanisms in S. griseochromogenes have been demonstrated.
Both involve acylation of the 13-arginine amine either with an acetyl or a leucyl group.
Although acetylation is a common mechanism in antibiotic resistance, derivatization with
a leucine has not been reported before. This mechanism appears to be directly involved
in the BS biosynthetic pathway, whereas acetylation seems to function as a detoxification
mechanism.Additionally, it was demonstrated that the BS-resistant mechanism in S.
lividans is cytosyl deamination of blasticidin S. which is consistent with the reported BS148
resistant mechanism in other nonproducers.This information should be valuable for
molecular biology studies that use BS as a selection marker.
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Figure 8.1. Summary of the biosynthesis of blasticidin S
Although the synthesis of 4'-keto CGA was unsuccessful, an analogue, 62, was
prepared and labeled. The feeding experiments revealed that 62 was incorporated into
PPNC (8), suggesting the involvement of a 4'-keto intermediate in BS biosynthesis.In149
addition, the selective deacetylation of 66 by methanolysis should be a useful method in
synthesizing other cytosine nucleosides.
We were unable to demonstrate the enzymatic formation of DBS from cytosinine
and 13-arginine.This could be attributed to many reasons, such as instability of the
enzyme, low sensitivity of the assay method, and unoptimized reaction conditions.
However, one other possibility could be that leucy1-13-arginine, instead of 13-arginine, may
be the actual substrate for the coupling reaction, which would directly form LDBS. To
test this idea, leucy1-13-arginine would need to be prepared and tested in cell-free
conditions. As an alternative, doubly labeled leucy1-13-arginine, where one label is in the
leucine portion and the other is in the 13-arginine portion, could be fed to cultures of S.
griseochromogenes under the conditions to produce LBS. Analysis of the resulting LBS
would reveal the ratio of the two isotopes, if incorporated, and allow conclusions to be
made about the hypothesis. Future efforts on the biosynthesis of blasticidin S could focus
on the following aspects.
Purifying and characterizing cytosinine : pyridoxal phosphate tautomerase
Purifying and characterizing LBS amidohydrolase and determining its cellular
location.
Extending the present study to other peptidyl nucleoside antibiotics.150
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